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 Lignin is an extremely complex polyphenolic biopolymer found in plants.  Since 
lignin makes up a large portion of the biomass, it is an attractive target for the production 
of renewable fuels and high value chemicals.  Because of lignin’s complexity, it cannot be 
removed from the plant intact and is instead degraded in various ways.  This degradation 
can produce very complex mixtures which pose a unique analytical challenge.     
Mass spectrometry is an extremely powerful analytical tool that can be utilized to 
study complex mixtures and identify unknown molecules due to its high selectivity, 
sensitivity, and versatility.  Tandem mass spectrometry (MSn) experiments play a critical 
role in the analysis of complex mixtures and the identification of unknown molecules.  A 
common type of tandem mass spectrometry is collisionally activated dissociation, where 
ions are subjected to high energy collisions with a non-reactive gas in order to induce 
fragmentation.  The resulting fragment ions, as well as the neutral molecules lost from the 
initial ion, can provide a wealth of information regarding the ion’s structure.  However, the 
fragmentation observed is often not understood or cannot unambiguously identify a 
molecule without direct comparisons to known compounds.   
xv 
 This thesis focuses on the fundamental study of the collisionally activated 
dissociation of various lignin degradation product model compounds.  A large selection of 
model compounds with various functionalities found in lignin degradation products was 
examined via CAD until no further fragmentation was observed.  The types of 
fragmentations were examined and mechanisms were drawn in order to gain a better 
understanding of how these deprotonated ions behaved upon CAD.  One of these model 
compound, vanillin, exhibited a difficult to understand loss of CO2 upon CAD.  This 
fragmentation was examined in greater detail using carbon labelling studies and molecular 
orbital calculations to determine the mechanism by which the CO2 loss occurs.  Lignin 
degradation products can also contain compounds which contain a lignin-carbohydrate 
linkage.  A selection of model compounds that contained this linkage type were also 
examined via CAD.  The types of fragmentation observed for these compounds were very 
different than that observed for the other model compounds studied, which would make 
these compounds easily distinguishable in a complex mixture.  Finally, the CAD of several 
lignin model compounds was compared to the fragmentation observed upon higher energy 
collisionally activated dissociation (HCD).  Since HCD occurs with a single isolation and 
fragmentation step, as opposed to the multiple steps necessary for CAD,+ this method 
could prove to be faster for this type of analysis.         
1 
 




Over the past decades, the uses and applications of mass spectrometry (MS) have 
exploded in number, allowing for this technique to be applied to many different complex 
problems across a wide cross section of fields.  The modern mass spectrometer, which has 
evolved from J.J. Thomson’s first instrument,1 has become a highly sensitive, specific, 
versatile, and fast analytical tool.2  As new mass spectrometry techniques continue to be 
developed, more and more scientific questions will rely on mass spectrometry to provide 
answers.  The importance of mass spectrometry to science has been widely recognized and 
has led to many Nobel Prizes, including most recently in 2002.  
At the core of every mass spectrometry experiment are four steps, crucial for 
detection of the analyte.  These steps are: 1) evaporation, 2) ionization, 3) ion separation, 
and 4) detection.3  In order to detect the analytes, they must first be brought into the gas 
phase and be ionized, steps 1 and 2.  In modern mass spectrometry experiments, the first 
two steps are often combined.  The resulting ions must then be separated according to their 
mass to charge ratios (m/z) and then detected, steps 3 and 4.  The method by which the ions 
are separated can vary, but involves utilizing a fundamental property of the ions that is 
related to their m/z-ratio, e.g., their momentum, time-of-flight, kinetic energy, or frequency
2 
 
 of motion.  The detection of the ions also varies according to what type of mass 
spectrometer is employed, but in all cases, the ions’ m/z-values and abundances are 
measured and a mass spectrum is produced.  The resulting mass spectrum typically displays 
the mass to charge ratios on the x-axis with normalized ion abundances on the y-axis. 
One area where mass spectrometry has shown to be an excellent analytical tool is 
for the analysis of complex mixtures.  For this type of analysis, the preference is for the 
ionization step to produce only one type of ion per analyte.  The most basic mass 
spectrometry experiment, as described above, is that of a full scan experiment or MS1.  This 
type of an experiment, when only one ion type ([M+H]+, M+., [M-H]-, etc.) is produced for 
each analyte, provides molecular weight information for the analytes, and can provide 
some limited structural information.  For example, isotope peaks can be used to confirm 
the presence of certain elements in the ionized molecule due to their unique isotope 
patterns, such as those observed for boron (the most abundant isotope, 11B, has a mass unit 
higher atomic mass than the second most common isotope, 10B, which has an 
approximately 20% abundance relative to 11B).  The “nitrogen rule” can also be applied in 
order to determine the possible number of nitrogen atoms present in an ion.  Using 
instruments that allow extremely accurate mass measurements, elemental compositions of 
ions can be determined.4,5 
In order to extract further structural information from a mass spectrometry 
experiment, tandem mass spectrometry (MSn) must be employed.  In these experiments, 
ions generated in MS1 experiments are isolated, subjected to reactions, and their product 
ions are analyzed.6  The most commonly employed approach is to make the ions to 
fragment by increasing their kinetic energy and subjecting them to energetic collisions with 
3 
 
inert atoms or molecules (collision-activated dissociation, CAD).7  By examining the 
resulting fragment ions, structural information about the original or “parent” ion can be 
obtained, such as the types of functional groups present or the way in which the atoms are 
connected.7 
 
1.2 Thesis Overview 
The research presented in this dissertation focused on the study of the fragmentation 
reactions observed upon CAD for ionized model compounds related to lignin, a complex 
biopolymer found in biomass, in order to improve our understanding of these reactions.  
Chapter 2 will present background on mass spectrometry, as well as the instrumentation 
and experimental aspects relevant to this dissertation.  The following chapters will discuss 
the various research projects that were conducted in collaboration with the Center for 
Direct Catalytic Conversion of Biomass to Biofuels (C3Bio).  The goals of these projects 
were to provide knowledge or mass spectrometric methods needed for the analysis of lignin 
degradation product mixtures produced as a part of this collaboration.  By studying model 
compounds, a better understanding of the fragmentation patterns and mechanism for the 
ions is obtained.  This understanding can be utilized to more accurately identify unknown 
compounds in various complex degradation product mixtures, which in turn will provide 
important information for the scientists designing the degradation processes, allowing them 
to design processes that produce the most desirable products. 
Chapter 3 will present a fundamental study of the fragmentation pathways and 
mechanisms of many different deprotonated lignin model compounds upon CAD.  Chapter 
4 will focus on just a few model compounds in order to study a specific fragmentation 
4 
 
pattern observed for some deprotonated 2-methoxyphenoxides.  This chapter will provide 
an in-depth mechanistic look at the loss of CO and CO2 from these deprotonated molecules 
following methyl radical loss.  Chapter 5 will examine lignin model compounds that 
contain linkages similar to those observed in lignin-carbohydrate complexes.  These 
compounds are interesting in that they contain both a portion which is “lignin like” and a 
portion which is “carbohydrate like”.  The fragmentation pathways, upon CAD, for these 
deprotonated molecules will be presented, along with some proposed mechanisms by 
which this fragmentation may occur.  Finally, chapter 6 will compare the fragmentation 
pathways observed for some deprotonated lignin model compounds via CAD to those 
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Over the past several decades, mass spectrometry has been employed to solve some 
of the most complex scientific challenges faced by society.  Mass spectrometry has been 
utilized for the analysis of complex mixtures of oligopeptides,1  to elucidate the structures 
of complex biomolecules,2 to determine rates for organic reactions,3 and even to solve 
crimes.4  These advancements in mass spectrometry have been driven by the development 
of new instrumentation as well as novel methodologies.  
The simplest mass spectrometry experiment involves three steps: 1) desorption and 
ionization of the analyte(s) (either simultaneously or in separate steps), 2) separation of the 
resulting gas-phase ions according to their mass to charge ratios (m/z), and 3) detection of 
the separated ions in order to produce a mass spectrum.  Before the detection step, various 
tandem mass spectrometry experiments (MSn) may be performed in order to provide more 
information regarding the structures of the ions.  These tandem experiments most 
commonly employ the isolation of a single ion of interest and then either subjecting that 
ion to energetic gas-phase collisions in order to cause its dissociation, or allowing the ion 
to undergo ion/molecule reactions with a reagent gas.  The product ions of these reactions 
can then be isolated and subjected to another stage of dissociation/ion/molecule reaction, 
or they can be detected to produce a mass spectrum.  These tandem mass spectrometry
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experiments can be carried out in two different fashions depending on the type of the mass 
spectrometer employed.  Scanning mass spectrometers are said to perform tandem-in-space 
experiments, since the ions are isolated, subjected to dissociation/ion/molecule reactions, 
and separated for detection in different areas of the mass spectrometer.  Trapping mass 
spectrometers are said to perform tandem-in-time experiments, because the ions remain in 
the same space during the isolation, dissociation/ ion/molecule reactions, and detection 
steps of the experiment, but these events occur at different times.  All of the experiments 
conducted for this dissertation where performed utilizing ion trapping mass spectrometers, 
specifically, the linear quadrupole ion trap (LQIT) mass spectrometer.  Details of the 
instrument and techniques employed for this dissertation are given in this chapter.         
   
2.2 Ion Generation 
Many different methods can be employed for the ionization of analytes in order for 
them to be subsequently analyzed via mass spectrometry.  The earliest of these ionization 
techniques involved the use of thermal evaporation to introduce the analytes into the gas 
phase for ionization by using methods such as electron ionization5 (EI) and chemical 
ionization6–8 (CI).  Later, new ionization methods were developed that coupled the 
desorption of the analyte with ionization, allowing for the analysis of nonvolatile analytes.  
These methods include fast-atom bombardment (FAB),9 electrospray ionization (ESI),10 
matrix-assisted laser desorption ionization (MALDI),11 atmospheric pressure 
photoionization (APPI),12 and atmospheric pressure chemical ionization (APCI),13 to name 
a few.  All of these methods have inherent advantages and disadvantages. However, the 
most important factor when selecting one of these ionization methods is that the desorption 
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and ionization of the analyte do not cause fragmentation. Therefore, the observed ions’ m/z 
value is directly correlated to the molecular weight of the analyte.  For the research 
discussed in this dissertation, ESI was utilized to evaporate and ionize the analytes.  The 
details of this technique can be found below.   
   
2.2.1 Electrospray Ionization (ESI) 
Since its introduction in 1989 by Fenn and coworkers,10 ESI has gained widespread 
use in mass spectrometry. ESI has allowed mass spectrometry to be utilized to examine 
thermally labile and non-volatile molecules previously deemed too difficult or impossible 
to analyze via mass spectrometry.  These molecules include proteins, oligonucleotides, 
large lipids, and other large macromolecules.  The efficient desorption and ionization of 
these molecules has been attributed to the coupling of the desorption and ionization steps.14  







Figure 2.1 Diagram of the ESI process (positive ion mode), where “S” denotes solvent ions 




 During a typical ESI experiment, an organic compound/water solution (such as 
methanol/water), often containing preformed analyte ions, is passed through a metal 
capillary or thin metal needle that has a large voltage applied to the tip (3-5 kV).  Nitrogen 
gas is utilized in two ways: 1) nitrogen sheath gas is supplied near the capillary tip where 
the solution exits the capillary to help nebulize the solvent into a spray or fine mist.  This 
gas flow also helps to desolvate the ions and give direction to the spray. 2) A secondary 
nitrogen gas flow, called auxiliary gas, is utilized further up in the ESI source to dehumidify 
the environment as well as to collimate the spray and desolvate ions.  The use of these gas 
flows can be seen in Figure 2.2.  Due to the high voltage applied to the tip of the needle as 
well as the nitrogen gas flow, a Taylor cone is formed16–18 at the end of the capillary, which 
ejects a mist of droplets that are electrically charged on the surface.  The entire ESI process 
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can be modeled as a current controlled electrolytic cell,19 with a higher current meaning 
more charged droplets.  
 
 
   
 
 
Figure 2.2 Zoom-in schematic of the ESI tip illustrates the use of sheath gas to nebulize 




The charged droplets are held together due to the surface tension of the droplet 
being larger than Coulombic repulsions due to surface charge.  However, as the droplet 
quickly evaporates, the surface charge density increases until a critical limit is reached, 
known as the Rayleigh instability limit.20,21  Once this limit is reached, repulsion due to 
surface charge overcomes the surface tension and the droplets lose their spherical shape 
and eject progeny droplets (smaller droplets formed from the larger droplet).14,22  This 
process continues to repeat with each progeny droplet reaching the Rayleigh instability 
limit and then ejecting progeny droplets of its own. 
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Ion formation is proposed to come about through two competing mechanisms 
known as the ion evaporation model23 and the charge residue model.24  These mechanisms 
are depicted in Figure 2.3.  According to the ion evaporation model, the surface charge on 
the droplets upon reaching the Rayleigh instability limit is high enough to cause field 
desorption of desolvated or scarcely solvated ions.  In this model, gas-phase ions are 






Figure 2.3 Illustration of the two competing ion generation methods in ESI, the ion 





In contrast to the ion evaporation model, the charge residue model proposes that 
the droplets continue to evaporate and through Coulomb explosions continue to release 
progeny droplets until there is an average of only a single charge per droplet.  At this point, 
the remaining solvent is evaporated and the charge, which was originally on the surface of 
the droplet, is deposited onto the analyte to generate a gas-phase ion.26   
Both of above mechanisms describe ways by which ions are directly liberated from 
solution. These mechanisms indicate that ESI would be amenable to acidic and basic 
compounds as well as those that are surface active, such as lipids.  The mechanisms also 
indicate that preformed ions or easily ionizable compounds should be amenable to ESI.  
Experimental results indicate that larger multiply charged ions are most likely created via 
the charge residue model while smaller singly charged ions are likely formed via the ion 
evaporation model.14,22 
Under typical conditions, ESI forms singly charged ions for small molecules.  The 
ions formed are typically protonated molecules ([M+H]+) for acidic compounds and 
deprotonated molecules ([M-H]-) for basic compounds.  This result indicates one of the 
primary disadvantages of ESI, which is that it is biased towards polar analytes.  Other ion 
types can also be formed upon ESI via the attachment of ions such as sodium ([M+Na]+) 
or chloride ([M+Cl]-) to the neutral analytes.24  For larger molecules, such as proteins, ESI 
often creates multiply charged ions, which is a significant advantage as the multiple 
charging causes a decrease in m/z ratio, enabling large ions to be analyzed with a mass 
spectrometer that could not analyze such singly charged analyte molecules due to their 
large m/z-ratio.  This benefit in particular has made ESI a common and vital ionization 
method for mass spectrometry of biological molecules.   
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2.3 Linear Quadrupole Ion Trap (LQIT) Mass Spectrometry 
Linear quadrupole ion traps (LQITs) have gained a lot of attention for their high 
sensitivity and versatility.  LQITs were first introduced27–29 in 2002. The number of 
different applications suitable for them has increased rapidly since then.  The LQIT is 
similar to a traditional 3-D quadrupole ion trap30 (QIT) but with several significant 
performance enhancements. One of these improvements is an increase in ion trapping 
capacity.  The LQIT can hold approximately 16 times the number of ions that a traditional 
3-D trap can and has a 6 times greater trapping efficiency.27 Because of the increase in 
trapping efficiency, the LQIT can achieve higher sensitivity, giving it a 5 times better 
detection limit when compared to a QIT.27 Also LQITs have improved ion accumulation 
and ejection efficiency when compared to QITs, allowing for the LQIT to be combined 
with other mass spectrometers to make hybrid instruments, such as the LQIT-TOF,31 
LQIT-FT-ICR,32 and LQIT-Orbitrap.33 
 
2.3.1 Instrument Overview 
All LQIT instruments used for this dissertation were Thermo Scientific LTQ mass 
spectrometers27,34 equipped with a Thermo Surveyor Plus HPLC system.  All data 
processing was carried out using a Dell Optiplex workstation (Microsoft Windows XP) 
that had Xcalibur and LTQ Tune software installed to it for data processing and instrument 
control. 
A schematic of the Thermo LTQ instrument can be seen in Figure 2.4, with Figure 
2.5 depicting the regions of differential pumping.  The mass spectrometer can be divided 
into four regions, each of which has an associated operating pressure.  The regions are: 1) 
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the ionization source, 2) atmospheric pressure ionization (API) stack, 3) the ion optics, and 
4) the ion trap.  The ion source operates at ambient, 760 Torr, conditions.  The API stack 
is maintained at ~ 1 Torr, as read by a convectron gauge, through the use of two Edwards 
E2M30 rotary-vane mechanical pumps (650 L/min).  The pressure in the ion optics and 
mass analyzer region are maintained by a triple ported Leybold TW220/150/15S turbo-
molecular pump.  The first inlet of this pump (25 L/s) is used to evacuate a region just past 
the API stack to a pressure of 0.5 Torr – 100 mTorr.  The next inlet (300 L/s) evacuates a 
region of the ion optics that is separated from the previous region by a lens aperture (lens 
0) to ~1 mTorr.  The third inlet (400 L/s) evacuates the region that contains the ion trap 
and the ion detection system.  This region is also separated by a lens aperture (lens 1) from 






Figure 2.4 Components of the LQIT mass spectrometer, including the ion source, API 




Ions were generated by using an ESI source.  The ions were then drawn into the 
API stack, consisting of the ion transfer capillary, the tube lens, and the skimmer cone,27 
via a negative pressure gradient and a large drop in voltage from the ion source (kV) to the 
API stack (±0-20 V).  Ions were first drawn into the transfer capillary.  This capillary was 
heated to facilitate desolvation of the ions and had a DC voltage applied to it in order to 
facilitate ion transfer.  The ions then encountered the tube lens which helped to direct them 
into the off-center orifice of the skimmer cone.  The skimmer cone orifice was off center 














After being transmitted through the skimmer cone, the ions encountered a series of 
ion optics elements, namely, two square quadrupole ion guides (MP00 and MP0) and a 
round-rod octupole ion guide (MP1).27  All of these mutipoles restricted the ions’ motion 
in the x and y directions through the application of RF fields.  These fields were generated 
by applying the same amplitude and phase RF voltage to opposing rods of the multipoles, 
but 180° out of phase on the adjacent rods.  The oscillation of the RF field between the 
17 
 
rods causes the ions to travel through the multipoles in a circular oscillatory fashion, 
focusing the ions to a tighter beam.  Between each element there is a lens with an applied 
DC voltage.  These lenses facilitate ion transfer between each optical element, focusing 
ions as they exit one multipole and enter the next multipole.  However, as ions exit MP00, 
which is located in a high pressure region, the ions have low kinetic energy in the z-
direction.  In order to facilitate transfer of the ions into the ion trap, a DC potential gradient 
is applied in addition to the RF voltages already being applied to the elements of the ion 






Figure 2.6 DC offset potentials applied to the different sections of the LQIT to aid in axial 




The ion trap consists of four hyperbolic rods which are divided into three sections, 
the front, center, and back sections.  The front and back sections of the trap are 12 mm 
long, while the center section is considerably longer at 37 mm. The two center x-rods 
contain slits which allow for the ions to be ejected for detection (Figure 2.7).  The ions are 
trapped in the x-y direction through the use of RF voltages applied to the rods in a similar 
fashion as for the ion optics multipoles (same frequency and amplitude for opposing rods 
and 180° out of phase for adjacent rods).  A supplemental RF potential can also be applied 
to the x rods in order to facilitate ion excitation, isolation, and ejection. In order to trap the 
ions in the z-direction, DC voltages are applied to the ion trap. This will be discussed 





Figure 2.7 Schematic of LQIT. 
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2.3.2 Ion Motion in the Ion Trap 
 
2.3.2.1 Radial Motion 
 The ions’ radial motion in the ion trap is confined through the application of RF 
and DC voltages to the rods in order to create a quadrupolar RF-field.35,36  A combination 
of RF and DC potentials applied to the four rods produces a potential (Φ0) described by 
the following equation: 
േΦ଴ ൌ േሺܷ െ ܸܿ݋ݏΩݐሻ                                           (2.1) 
where U is the applied DC voltage and V is the amplitude of the RF voltage with angular 
frequency Ω for time t. Therefore, within the quadrupolar field, the potential the ions are 





௥బమ                                     (2.2) 
where ݎ଴ is the radius of the circle inscribed by the quadrupole rods.  Therefore, ions with 
a mass m and z  number of charges will be subjected to force (F) in the x and y directions 
according to the following equations: 




ௗ௫                                                     (2.3) 




ௗ௬                                                     (2.4) 
where ݁ is the elementary charge (1.602 x 10-19 Coulombs). The above equations can be 












ሺܷ െ ܸܿ݋ݏΩݐሻݔ ൌ 0                                             (2.6) 
Given equations 2.5 and 2.6, ions with x and y values smaller than ݎ଴ will have stable 
trajectories in the trap.  The equations are similar to the general form of the Mathieu 
equation given below.   
ௗమ௨
ௗకమ ൅ ሺܽ௨ ൅ 2ݍ௨ܿ݋ݏ2ߦሻݑ ൌ 0                                            (2.7) 
Substituting the parameter ξ for: 
ߦ ൌ ஐ௧ଶ                                                             (2.8) 
equations 2.5 and 2.6 can be expressed as Mathieu equations: 
ܽ௨ ൌ ܽ௫ ൌ ሺെሻܽ௬ ൌ ଼௭௘௎௠௥బమஐమ                                            (2.9) 
ݍ௨ ൌ ݍ௫ ൌ ሺെሻݍ௬ ൌ ସ௭௘௏௠௥బమஐమ                                          (2.10) 
The parameters ܽ௨ and	ݍ௨ are known as the Mathieu stability parameters. These stability 
parameters describe the ions’ motion in the ion trap based upon the different regions of the 
Mathieu stability diagram, seen in Figure 2.8.  Ions whose stability parameters fall in the 
overlapping region of the stability diagram, from 	ݍ௨ ൌ 0 to 	ݍ௨ ൌ 0.908 at ܽ ௨ ൌ 0 (Figure 




 In order to trap ions covering a wide mass range, the ion trap was operated at ܽ௨ ൌ
0.  As can be seen in Figure 2.8, at this value for ܽ௨ the overlap region of the Mathieu 
stability diagram covers the largest portion of 	ݍ௨ values, therefore giving ions with widely 
varying mass/charge ratios stable trajectories.  The ions are manipulated in this overlapping 
stability region by varying the main RF potential amplitude.  By increasing the RF 
amplitude, the  	ݍ௨ value for a given ion increases.  When ions reach a ݍ௨ value of 0.908,  
their trajectories become unstable and they are ejected from the trap as they no longer have 
stable trajectories in the x and y directions.  Since ions with lower m/z-values will have 





Figure 2.8 Mathieu stability diagram. The different colored circles represent ions of 
different m/z values, with the larger circles being ions of larger mass. The ions will have 




 In the LQIT, each ion oscillates at a specific secular frequency, ωu. This frequency 
of ion motion can be described by the following equation: 
߱௨ ൌ ఉೠஐଶ                                                             (2.11) 
where Ω is the angular frequency of the RF field applied to the rods of the ion trap and ߚ௨ 
is the Dehmelt approximation37 for 	ݍ௨ values less than 0.4.  The value for this 
approximation can be expressed as: 
ߚ௨ ൌ ටሺܽ௨ ൅ ଵଶ ݍ௨ଶሻ                                                       (2.12) 
Based upon equation 2.12 the maximum value for ߚ௨ is 1. Therefore, the maximum secular 
frequency of an ion’s motion, ߱௨, is ½ of the angular frequency of the applied RF field.  
An important note should be made that an ion’s secular frequency is directly proportional 
to its 	ݍ௨ value and inversely proportional to its m/z value. This leads to ions of smaller 
m/z having larger 	ݍ௨ value and higher secular frequencies.   
 
2.3.2.2 Axial Motion 
 In order to confine the ions axially, in the z direction, higher DC potentials are 
applied to the front and back sections of the ion trap than to the center section, creating a 
DC potential well.  The front and back lenses also have a high DC potential applied to them 
in order to create a DC potential well with steep sides.  This potential well traps the ions in 
the axial, z, direction maintaining them in the center section, as seen in Figure 2.9.  Keeping 
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the ions in the center of the trap also facilitates more efficient ion ejection through the slits 





Figure 2.9 DC potential energy well that is created by applying a larger DC voltage to the 




 Although the DC potential confines the ions axially, more efficient trapping of the 
ions is achieved through the use of helium buffer gas (~ 3 mTorr) within the ion trap.38  
The helium acts as a dampener, collisionally cooling the ions, reducing their kinetic energy 
and thus allowing them to be more easily trapped by the DC and RF fields present in the 
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ion trap.  The use of this buffer gas also helps to keep the ions in the center of the trap, thus 
facilitating ion ejection as well as increasing resolution, mass accuracy, and sensitivity.  
 
2.3.3 Ion Injection Processes 
 In the previous discussion regarding ion motion in the ion trap, the effects of 
Coulombic repulsion between the ions was ignored.  However, this force of like charged 
ions repelling each other is extremely important, especially as the confined space of the ion 
trap begins to fill.  As the combined repulsive forces being felt by the ions increases, the 
secular oscillation frequencies of the ions will begin to be effected.  The effect is referred 
to as the space-charge effect.  This effect only increases as more ions are placed into the 
small space of the ion trap.  Space-charging can inversely affect almost all of the figures 
of merit associated with an ion trap, including mass accuracy, dynamic range, sensitivity, 
and resolution.  In order to ensure that the ion trap does not overfill with ions, therefore 
causing space charging, the LQIT employs several operational parameters regarding ion 
injection into the trap. 
 
2.3.3.1 Trapping and Manipulating Ions 
 As discussed previously, different DC potentials are applied to the front and back 
sections of the ion trap as well as to the front and back lenses to facilitate ion trapping.  The 
types of DC potentials applied to these sections change throughout the experiment to 
facilitate ion injection and control the location of the ion cloud (Figure 2.10).  When ions 
are being injected, the potential on the back section of the trap and on the back lens is held 
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at a higher value than that of the front section.  The kinetic energy of the ions being injected 
will be sufficient to overcome the potential on the front section, but once the ions have 
been collisionally cooled by the helium buffer gas and are repulsed by the high potential 
on the back section of the trap, they no longer have the kinetic energy required to overcome 
the front section’s DC potential (Figure 2.10a).  Once the ions have been trapped, the 
potential on the front section of the trap and the front lens are raised in order to prevent 
further ion injection (Figure 2.10b).  The last adjustment to these potentials occurs before 
mass analysis or before a tandem mass spectrometry experiment.  The potential on the 
center section of the ion trap is lowered, while that of the front and back sections and front 
and back lenses is raised (Figure 2.10c).  This creates a very steep potential well for the 
ions, concentrating them into a tighter ion packet in the center of the ion trap, where the 
applied RF and DC fields are the most homogenous.  These tighter ion packets facilitate 
higher resolution during mass analysis and allows for minimal ion scattering during tandem 




Figure 2.10 Potential diagrams depicting the DC voltages applied to the front and back 
lenses, and front, back, and center sections of the ion trap, and the associated potential well, 
during: a) ion injection, b) ion trapping, and c) mass analysis. 
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2.3.3.2 Gating Ions for Injection 
 Ions being injected into the LQIT must be gated (only allowing ions into the trap 
for a period of time) in order to ensure a representative ion packet from the API source is 
being analyzed.  In order to do this, the LQIT has a lens (shown in purple in Figure 2.11) 
placed in front of MP1 (the octupole) that acts as an electrostatic gate.  There are several 
advantages to gating the ions further from the ion trap, as opposed to using the front lens 
for gating.  These advantages include a decrease in mass bias, higher trapping efficiency, 
and higher selectivity.27  A representative voltage gradient for gate open, ions being 
injected into the trap, and gate closed, ions not being injected into the trap, can be seen in 







Figure 2.11 Illustration of the DC voltage gradient applied to the ion optics with the voltage 
applied to the gate lens (in purple) being shown, in black, as “open” to accelerate ions into 
the trap (-75 V) and the voltage applied to the gate lens, in red, when it is “closed” and it 




2.3.3.3 Automatic Gain Control 
 Automatic gain control or AGC is employed by the LQIT in order to ensure that an 
appropriate number of ions is injected into the tap for each experiment, in order to avoid 
space-charging.  AGC is a series of scans that the instrument does in order to determine 
the amount of ions being produced by the API source, and therefore the number of ions 
being injected into the trap.  To do this, the gate lens is opened for 1 ms and all of the ions 
allowed into MP1 during that 1 ms are injected into the ion trap.  The trap then performs a 
low resolution scan, a “prescan”, of these ions to quickly determine how many ions are 
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present.  The mass spectrometer then uses this information in order to determine how long 
to leave the gate open for ion injection in order to achieve a desired number of ions, 
typically 30,000, for the actual experiment according to the following equation: 
ܫ݆݊݁ܿݐ݅݋݊	ܶ݅݉݁ ൌ ்௔௥௚௘௧	ூ௢௡	௉௢௣௨௟௔௧௜௢௡	ሺଷ଴,଴଴଴ሻ஺ீ஼	௉௥௘௦௖௔௡	ூ௢௡	௉௢௣௨௟௔௧௜௢௡                                 (2.14) 
This “injection time” is the time period during which the mass spectrometer leaves the gate 
lens open in order to allow 30,000 ions into the ion trap. 
 
2.3.4 Ion Ejection and Detection 
 In the LQIT, ion detection is accomplished via an external electron multiplier.  In 
order for the ions to encounter the detection system, they must first be ejected from the ion 
trap.  The method by which this is accomplished is referred to as a “mass selective 
instability scan”.38  As mentioned previously, the a-value of the ions in the ion trap is kept 
at 0.  This allows for the ions to be ejected from the trap by increasing the RF amplitude 
and therefore altering the ions q-values until they each reach the stability limit of q = 0.908.  
At this point, the ions’ trajectory in the trap is no longer stable and they will be ejected 
from the trap.  This method of ion ejection is not without its drawbacks since the ions will 
exit the trap in a very unsystematic manner.   
 In order to improve upon this method, the LQIT utilizes “resonance ejection”.37  
This technique involves dipolar excitation of the ions, and allows them to be ejected at a 
lower q-value (0.88).  In order to do this, a supplementary RF voltage is applied to the x-
rods of the LQIT.  This RF voltage is lower in amplitude and frequency than the main RF 
voltage and corresponds to an ion of q = 0.88.  As the main RF amplitude is increased, the 
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ions’ secular frequencies will become resonant with the supplemental frequency (Figure 
2.12).  This resonance causes the ions to gain additional kinetic energy which leads to an 
increase in their oscillation amplitude and eventual ejection from the ion trap.  Because the 
supplemental frequency is applied only to the x-rods the ions will only be ejected in the x-
direction out of the slits in the rod designed for this purpose.  By utilizing the dipolar 
excitation, the ions are ejected quicker, which ensures a tighter ion packet, and therefore 




Figure 2.12 a) Depiction of trapped ions in the LQIT. b) Ion being ejected at the stability 
limit by using the mass-selective instability scan by ramping the main RF voltage. c) Ions 
being ejected by resonance ejection by ramping the main RF voltage until the ions come 
into resonance with the applied secondary RF voltage.  The resulting mass spectrum has 




 Following the ions’ ejection from the ion trap through the slits in the x-rods, the 
ions are attracted to detectors.  There is a detector on either side of the ion trap and both 
detectors consist of a conversion dynode and an electron multiplier, as seen in Figure 2.13.  
In order to attract ions to the detection system, a large attractive potential gradient is applied 
to the conversion dynodes (± 15 kV).  Once the ions hit the curved surface of the conversion 
dynodes, secondary particles are created.  These secondary particles can be electrons, 
positive or negative ions, or even neutral atoms or molecules.  When negative ions strike 
the surface of the conversion dynode, positive ions are typically produced as secondary 
particles.  When positive ions strike the conversion, dynode electrons and negative ions are 
typically produced.  These secondary particles are then directed towards the electron 
multiplier by the curved surface of the conversion dynode and by a potential gradient 
between the conversion dynode and the multiplier.  The secondary particles will strike the 
surface of the electron multiplier, causing the ejection of one or more electrons according 
to a predetermined gain.  These electrons will then strike the surface creating even more 
electrons and this process will continue creating a cascade of electrons, which will 
eventually create a large measurable current proportional to the number of ions originally 
ejected from the ion trap.  This measured current is compared to the timing of the ejection 
event in the RF amplitude ramp and the amplitude of the measured current is assigned an 




Figure 2.13 Schematic of the ion detection system.  This system is a combination of two 
parts: 1) a conversion dynode and 2) an electron multiplier.  When ions are ejected through 
the x-rods, they are attracted to the conversion dynode.  When they strike the dynode, 
secondary particles are ejected toward the electron multiplier, which ejects many electrons 
when each secondary particle strikes its surface.  These electrons then strike the surface 
again producing more electrons, and so on, producing a cascade of electrons, which is 








2.3.5 Multi-Stage Tandem Mass Spectrometry 
 Multi-stage tandem mass spectrometry involves analyzing a particular ion of 
interest by using at least two (MS2), but possibly more (MSn), different mass spectrometry 
steps.  In order to perform MS2, the parent ion is isolated by ejecting all other ions from 
the ion trap and is then either subjected to activation followed by dissociation or reactions 
with neutral reagent molecules to produce “daughter” or product ions, which are mass 
analyzed.40  For further stages of MS (MS3 to MSn) , one of the resultant product ions is 
isolated and then subjected to dissociation or bimolecular reactions to produce a new set of 
product ions.  The ability of the LQIT to perform multiple stages of tandem mass 
spectrometry (MSn) makes the instrument very powerful for structural elucidation.40,41  
Since the LQIT utilized for this work is an ion trap, the tandem mass spectrometry 
experiments employed are referred to as “tandem-in-time” experiments.  This means that 
all experiments occur in the same space, the ion trap, but at different periods of time.  This 
is in contrast to “tandem-in-space” experiments, such as those performed in triple 
quadrupole instruments, where the different stages of the experiment occur in different 
parts of the mass spectrometer.  Although the types of reactions that can be utilized in 
tandem mass spectrometry are numerous, only collision-activated dissociation (CAD) was 
employed for this work. 
 
2.3.5.1 Ion Isolation 
 In order for tandem mass spectrometry experiments to be conducted, an ion of 
interest must first be isolated.  The LQIT employs both ramping of the RF along with 
dipolar resonance excitation in order to isolate the ion of interest by ejecting all other ions.  
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In this way, the instrument takes advantage of the fact that different ions have different 
oscillatory frequencies.  When isolating an ion, the RF voltage is ramped so that the ion of 
interest will have a q = 0.803.  By simply doing this, ions with lower masses than the ion 
of interest are ejected.  After this ramp, the LQIT employs a broadband excitation 
waveform in order to eject all remaining ions except the ion of interest (Figure 2.13).  This 
waveform is applied to the x-rods of the ion trap and it covers a wide distribution of ion 
oscillatory frequencies from 5-500 kHz, except for a notch at q = 0.803, the value for  the 
ion of interest (Figure 2.14).  The width of the notch is determined by a m/z isolation 




Figure 2.14 a) Ions trapped in the ion trap. b) The main RF voltage is ramped until the ion 
of interest has a q-value of 0.830, ejecting low m/z ions from the trap. c) Tailored isolation 
waveform is applied, ejecting higher m/z ions from the trap. 
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2.3.5.2 Collison-Activated Dissociation 
 Once an ion has been isolated, it can be subjected to various reactions, such as 
collision-activated dissociation (CAD). When performed in the LQIT, CAD is a slow 
heating method where the ions are subjected to multiple low-energy collisions with the 
helium buffer gas present in the trap.42,43  The process of CAD in the LQIT starts with 
lowering the RF amplitude until the ion of interest has a low q-value, typically 0.25.  
Dipolar excitation is then utilized by applying a supplemental voltage (tickle voltage) of 
small amplitude and a frequency equal to the ion’s oscillatory frequency to the x-rods for 
a user-defined time, usually 30 ms.  This “tickle voltage” is not strong enough to induce 
ion ejection from the trap, but instead simply enhances the ion’s motion in the x-direction 
and provides the ion with excess kinetic energy.  The accelerated ion will undergo 
collisions with the helium buffer gas, which will convert some of the kinetic energy into 
internal energy of the ion.  The ion will continue to undergo multiple collisions until the 
amount of internal energy in the ion is sufficient to overcome the barriers for the ion to 
fragment.  Once these fragmentation barriers have been overcome, the ion will undergo 
unimolecular fragmentation.  These product ions are then analyzed in the same way as was 




Figure 2.15 a) The q-value of the isolated ion is changed from 0.830 to 0.250 by lowering 
the main RF voltage. b) The ion is resonantly excited in order to cause energetic collisions 
with helium leading to production of fragment ions. c) The product ions are mass analyzed. 
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 The q value chosen for the parent ion plays an important role in the CAD 
experiment.  The choice of q value will determine the mass range of the fragment ions that 
will have a stable motion in the trap.  Since lower mass ions will have a larger q value than 
larger mass ions, the parent ion should have a low q value in order to be able to observe 
even the smallest product ions.  However, at lower q values, the parent ion oscillates at a 
lower frequency and has lower inherent kinetic energy.  As a result, more energy will have 
to be deposited into the parent ion in order for it to produce fragments.  As such, the q value 
chosen is usually a compromise between these two competing goals.  A q value of 0.25 is 
typically chosen as a good compromise because parent ions will be able to overcome 
substantial fragmentation barriers and any product ion with a mass over ¼ of the parent’s 
mass will have a stable motion in the trap.               
 
2.4 Orbitrap Mass Spectrometry 
Since its introduction in 2000 by Makarov,44 the orbitrap mass analyzer has 
gained acceptance as a simple and robust, high resolution mass analyzer.  The orbitrap is 
based upon an ion trap originally proposed by Kingdon, which was little more than a wire 
stretched along the axis of a cylinder electrode that made up the trapping volume.45  The 
basic principle is that if a voltage is applied across the wire and the cylinder, ions will be 
attracted to the wire.  However, if ions enter the trap with enough tangential velocity, 





2.4.1 Instrument Overview 
 The commercial orbitrap mass analyzer employs two electrodes, an inner spindle 
electrode and an outer barrel electrode.  These electrodes have very specific geometries. 
A voltage ramp is applied to the spindle electrode, creating a voltage gradient between 
the spindle and barrel electrodes.  A cutaway view of an orbitrap can be seen in Figure 
2.16. When ions enter the orbitrap with sufficient velocity, they will orbit the inner 
spindle electrode with a set frequency.  If the  ions are injected into the trap off center, 
they will also move in the axial direction parallel to the spindle electrode with a 
frequency that is related to their m/z-value.44,46–48  It is this axial frequency that is utilized 
for ion detection.  The image current produced by this axial oscillation is measured and a 
Fourier transform operation is employed to convert the frequency data into m/z values.  
Because the detection of ions is based upon measurement of frequency, the orbitrap is 




Figure 2.16 Cutaway view of an orbitrap mass analyzer, showing the voltage ramp 




 For the experiments discussed in Chapter 6 of this dissertation, a Thermo 
Scientific LTQ Orbitrap XL instrument was utilized.33  A schematic of this instrument 
can be seen in Figure 2.17.  This instrument allows for the ions to be analyzed in the 
LQIT, as discussed previously, or ions can be transferred into the orbitrap for high 
resolution measurements.  In order for the ions to be correctly injected into the orbitrap, 
both into the correct location and with the appropriate velocity, a specialized curved ion 
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trap is employed, called the C-trap.  When ions enter the C-trap, they lose energy through 
low-energy collisions with nitrogen buffer gas.  These collisions are not intended to cause 
fragmentation but simply allow for the ions to come to rest in a thin line along the curve 
of the trap.33  Once the ions are cooled, a large potential gradient is employed, along with 
some lenses, to accelerate and pulse the ions into the orbitrap.33  Once in the trap, the ions 
assume their respective axial motion and can be detected via measurement of the image 




Figure 2.17 Schematic of the Thermo Scientific LTQ Orbitrap XL.  The components of this instrument not found in a standard 









2.4.2 Higher Energy Collision-Activated Dissociation (HCD) 
 The LTQ Orbitrap XL employed for these experiments was also equipped with an 
HCD cell (Figure 2.17).  For this type of dissociation, the ions of interest are isolated in 
the LQIT, as for CAD in the LQIT, but are then transferred into the C-trap.  Once in the 
C-trap, the ions can be accelerated into an octupole collision cell that contains nitrogen 
gas.49,50  Since nitrogen is a larger collision target than the helium used for CAD in LQIT, 
more energy is being imparted to the ions with each collision.   The ions are then turned 
around and sent back into the C-trap and finally into the orbitrap for detection. HCD is 
not exciting only a single ion, as is the case for CAD in LQIT, but fragment ions are also 
accelerated when they are turned around on their way into the C-trap and hence may 
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CHAPTER 3. A FUNDAMENTAL STUDY OF COLLISION-ACTIVATED 
DISSOCIATION OF SMALL DEPROTONATED MOLECULES RELATED TO 




 Lignocellulosic biomass has become of great interest due to the increased demand 
for renewable resources that can be converted into fuel and high value chemicals currently 
derived from crude oil.1–7  Lignin, one of the primary components of biomass, is a complex 
biopolymer formed upon radical polymerization of primarily three different monomer units 
in the plant.7 The three most common monomers (and the corresponding lignin type) are 
p-coumaryl alcohol (H-lignin), coniferyl alcohol (G-lignin), and sinapyl alcohol (S-
lignin).3,6–11 These monomers are connected through various linkages, exhibiting different 
structural motifs. The primary obstacle to the use of lignin as a fuel is its high oxygen 
content.  In order to decrease the oxygen content and therefore increase the energy content 
and usability of lignin, various degradation and catalytic conversion methods have been 
developed.3,6,8,9,12,13 In order to be able to evaluate the value of these methods, analytical 
techniques must be developed that can be used to identify lignin degradation and 
conversion products, which is complicated by the complexity of the mixtures. 
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Tandem mass spectrometry is a powerful analytical tool that allows for the 
molecular level characterization of unknown analytes, even when present in complex 
mixtures.14–18 These experiments most commonly utilize collision-activated dissociation 
(CAD) that involves kinetic excitation of an isolated ion to induce nonadiabatic collisions 
with an inert gas.  These collisions convert part of the kinetic energy of the ion into its 
internal energy, thus causing fragmentation19–21  that can provide information about the 
ion’s structure. The fragment ions can be further isolated and subjected to more collisions 
to provide even more structural information (MSn).  
 Tandem mass spectrometry has been utilized before to examine the structures of 
protonated and deprotonated lignin degradation products and other known and unknown 
phenolic compounds related to lignin.22–36  Most of these previous studies have relied solely 
on only two23–26,28,29,31,34,35 (MS2) or three22,27,36 (MS3) stages of mass spectrometry (i.e., 
only the fragment ions of the deprotonated molecules and their fragment ions were 
examined). This limited the investigators’ ability to identify more than one or two 
functionalities in these multifunctional analyte ions due to the small extent of 
fragmentation typically observed upon each CAD step.  One of above studies focused on 
the fragmentation (up to MS3) of unknown protonated lignans (polyphenolic compounds 
with similar structures to lignin degradation products) obtained from a fruit.27 However, 
the authors were only able to provide general information regarding the class of lignans 
present and could not identify the molecules.27 Two complementary studies examined the 
fragmentation (MS2) of known deprotonated lignin oligomers with β-O-4, 
phenylcoumarin, and/or resinol type linkages connecting the aromatic units in order to be 
able to identify facilitate the identification of unknown lignin dimers, trimers, and higher 
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order oligomers (up to pentamers) via CAD.23,24  These studies resulted in possible 
mechanisms for some of the observed fragmentation pathways. However, only limited 
information was obtained for the individual aromatic subunits as most of the observed 
fragmentations only provided information on the way the subunits were linked.23,24 In yet 
another study, an organosolv lignin mixture obtained from switchgrass was analyzed in 
order to identify the most abundant compounds in the mixture.36  In this study, the 
fragmentation (up to MS3) of several known small deprotonated phenol model compounds 
was also examined, in order to facilitate the identification of unknown components in the 
organosolv lignin mixture. While several compounds were identified, the possible 
fragmentation mechanisms were not examined in detail.36 
 In the most extensive study reported thus far, CAD (MS2) of 121 known 
deprotonated and protonated compounds related to lignin, ionized via ESI or atmospheric 
pressure chemical ionization (APCI), was examined. For 28 oxygen containing 
deprotonated compounds most closely related to lignin, the observed fragmentations only 
allowed the identification of the carboxylic acid functionality.37  Furthermore, the authors 
were not able to ionize phenols,37 which is a serious problem for analysis of lignin 
degradation products due to the overwhelming presence of phenol functionalities in lignin. 
In another study, CAD of 40 known simple deprotonated aromatic and aliphatic 
compounds, some related to lignin, was examined using experiments up to MS5.38 This 
study utilized negative-ion mode ESI to produce the ions. The authors were able to ionize 
all compounds, including phenols, and identify fragmentation patterns diagnostic for 
various oxygen containing functionalities, including carboxylic acid, aldehyde, keto, nitro, 
and methoxy functionalities.  The authors were also able to count the number of oxygen 
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functionalities present in a given analyte ion via MS5 experiments.38 However, the 
fragmentation observed for ionized analytes with similar functionalities was inconsistent. 
Further, although some mechanisms were proposed, no evidence was provided to support 
them. 
In conclusion, only a few of above studies attempted to determine the mechanisms 
for the observed fragmentation reactions, and none of them employed molecular orbital 
calculations to explore the mechanisms.22–24,36  Without knowledge on fragmentation 
mechanisms, the observations cannot be generalized to other similar compounds. 
In order to address the limitations of previous studies and to further the 
understanding of the fragmentation pathways and mechanisms of deprotonated lignin 
degradation products, multi-stage tandem mass spectrometry experiments (MSn, n up to 6) 
based on CAD were utilized here to probe the fragmentation of 34 deprotonated lignin 
model compounds and their fragment ions. The ions were generated using  negative-ion 
mode electrospray ionization (ESI) doped with NaOH as this method has been 
demonstrated earlier to produce only deprotonated molecules for different phenolic 
analytes at almost equal ionization efficiencies.39  Further, this method has been shown to 
be amenable to high-performance liquid chromatographic separation, opening the door for 










3.2.1 Sample Preparation 
About 1 mM solutions of all compounds were prepared in 50:50 (v:v) 
methanol/water.  In order to promote deprotonation of the compounds upon negative-ion 
mode ESI, the samples were doped with 1% NaOH water solution (10 μL of NaOH solution 
per 1 mL of sample) prior to analysis.  Solutions containing compounds with carboxylic 
acid functionalities were not doped with the NaOH solution as they readily form 
deprotonated compounds upon negative-ion mode ESI (doping the samples had no negative 
or positive effects on ionization).  This sample preparation method yielded only one ion 
type per analyte upon negative-ion mode ESI (deprotonated molecule). 
 
3.2.2 Instrumentation 
All experiments were carried out using a Thermo Scientific linear quadrupole ion 
trap (LQIT) mass spectrometer equipped with an ESI source.  The LQIT was operated 
utilizing the LTQ Tune Plus interface and Xcalibur 2.0 software.  A nominal pressure of 
~0.6 x 10-5 torr (as read by an ion gauge) of helium buffer gas was maintained in the LQIT.  
The samples were introduced into the mass spectrometer through the use of an integrated 
syringe drive (flow rate 15 μL/min) and combined via a tee connector with additional 
solvent (50:50 methanol/water) provided by a Thermo Surveyor MS Pump Plus (flow rate 
150 μL/min) to facilitate the formation of a stable spray.  The eluent was then introduced 
into the ESI source for ionization via negative-ion mode.  Typical ESI conditions were: 
spray voltage 2.0-3.5 kV, sheath gas (N2) 20 (arbitrary units), auxiliary gas (N2) 10 
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(arbitrary units), and ion transfer capillary temperature 275 °C.  All DC voltages and offsets 
for the ion optics were optimized with the tune feature of the LTQ Tune Plus interface for 
each analyte. 
 
3.2.3 MSn Experiments Using Collision-Activated Dissociation (CAD) 
For MSn experiments, the advanced scan function of the LTQ Tune Plus interface 
was utilized in order to isolate the ions of interest with a window of 2 m/z-units. The 
isolated ions were subjected to CAD with the helium buffer gas for 30 ms at a q-value of 
0.25. Nominal collision energies varied from 20 to 40% of the “normalized collision 
energy”.  All fragment ions formed were isolated and subjected to a subsequent CAD event, 
which was followed by isolation of all of their fragment ions and subjecting them to CAD, 
repeating this until no further fragmentation was observed (MSn experiments, n up to 6).  
Xcalibur 2.0 software was utilized for both data acquisition and processing.  All mass 
spectra acquired were an average of at least 20 mass spectra and all non-isotope peaks of 
at least 5% relative abundance (relative to the most abundant ion) are reported. 
 
3.2.4 Chemicals 
All compounds were purchased from Sigma-Aldrich (St. Louis, MO), except for 
methyl ferulate which was purchased from MP Biomedicals (Solon, OH). All chemicals 
were of the highest purity available and were used without further purification.  HPLC-MS 




3.3 Results and Discussion 
A total of 34 aromatic lignin-related known compounds were deprotonated via 
negative-ion mode ESI (NaOH dopant was used for most compounds) and subjected to 
consecutive CAD events by using MSn experiments in a linear quadrupole ion trap (LQIT) 
mass spectrometer in order to study their and their fragment ions’ fragmentation pathways 
and mechanisms. All compounds formed a stable deprotonated molecule with high 
abundance, with no observable fragmentation, when ionized as described above. Upon 
CAD, all deprotonated compounds yielded structurally informative fragment ions.  These 
fragment ions were then isolated and subjected to further CAD, continuing this pattern until 
no further fragmentation was observed.  To simplify the discussion of the results, the 
compounds have been divided into several classes based upon their functionalities, starting 
with those only containing phenol and alkoxide functionalities, followed by compounds 
that contain carboxylic acid, ester, and/or aldehyde functionalities. 
 
3.3.1 Phenols with Alkoxide Functionalities 
 The fragmentation of deprotonated molecules containing only alkoxy and phenol 
functionalities involves initial elimination of all the alkoxide alkyl groups, one after each 
other, as alkyl radicals or alkenes (Table 3.1). Only one alkyl group is eliminated in each 
CAD step. Hence, identification of both methoxy groups in analytes containing two such 
groups requires MS3 experiments. This is followed by elimination of one or two CO 
molecules in MS4 and MS5 experiments (Table 3.1). These reactions allow the 
identification and counting of the alkoxy functionalities in these deprotonated molecules 
but does not allow for counting of the phenoxy functionalities. 
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CAD of the three structural isomers of deprotonated ethoxyphenol demonstrates 
that identification of the ethoxy group can be accomplished based on the loss of an ethyl 
radical or ethylene in MS2 experiments (Table 3.1). The three deprotonated isomers exhibit 
fragment ions arising from these reactions in varying amounts, allowing for their 
differentiation (Table 3.1). Proposed mechanisms for these fragmentations are shown in 
Scheme 3.1. The closer the ethoxy group is to the site of deprotonation (phenoxy group), 






Scheme 3.1 Proposed mechanisms for the first dissociation reaction of deprotonated 2-, 3-






One compound with a benzyl alcohol moiety, in addition to two methoxy and a 
phenoxide moiety, was also studied. Deprotonated 4-hydroxy-2,6-dimethoxybenzyl 
alcohol fragmented by losses of two methyl radicals in the first two CAD experiments (MS2 
and MS3). After these fragmentations, two CO molecules were lost in the following two 
CAD experiments (MS3 and MS4). Finally, in the last CAD experiment (MS6), CH2O loss 
was observed, which indicates the presence of a hydroxymethyl functionality (Table 3.1). 
Hence, MSn up to MS6 is needed to identify all methoxy and hydroxymethyl functionalities 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.2 Carboxylic Acids 
Of the deprotonated carboxylic acids studied, 15 of 20 were found to predominantly 
fragment via the loss of the carboxylic acid moiety as CO2 in the first CAD event (Table 
3.2). For the ionized compounds that contain only carboxylic acid or only carboxylic acid 
and phenol functionalities, CO2 loss was the only fragmentation observed upon MS2 and 
no further fragmentation was observed in MS3 experiments, i.e. 4-hydroxybenzoic acid, 
cinnamic acid, p-coumaric acid, and 4-hydroxyphenylacetic acid (Table 3.2), with one 
exception (3-(4-hydroxyphenyl)propionic acid). This behavior was observed independent 
of the type of carboxylic acid moiety (aromatic, saturated, or in conjugation with a C=C 
bond). However, all other ionized compounds exhibited additional fragmentation, with 
some exhibiting fragmentation all the way up to MS6 experiments (Table 3.2).  In addition 
to dominant CO2 loss, deprotonated 3-(4-hydroxyphenyl)propionic acid shows minor CO2 
and CO losses in MS2 experiments and CO loss (after CO2 loss) in MS3 experiments. 
Deprotonated carboxylic acids containing only methoxy functionalities, such as 
deprotonated 2-, 3-, and 4-methoxybenzoic acids, fragment primarily via loss of CO2 in 
MS2 experiments (Table 3.2).  In MS3 experiments, this is followed by CH2O loss. As 
elimination of CH2O occurs fastest for the ortho-isomer (Table 3.2), the negative charge 
of the phenoxide moiety must facilitate the reaction. This elimination probably occurs as 
shown in Scheme 3.2a.  The mechanism is likely to be charge-remote for the other two 
isomers (Scheme 3.2b).  This reaction is in sharp contrast to phenols with adjacent 
methoxide functionalities that lose a methyl radical from the methoxide group (Table 3.1).  
In addition, an ion-molecule reaction with residual water in the ion trap was found to occur 
rapidly following the CO2 loss, which replaces the methoxy moiety with a hydroxyl group 
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of water (for the proposed mechanisms, see Scheme 3.2). Figure 3.1 shows that the 
abundance of this product ion increases with increasing reaction time, which demonstrates 
that this ionic product is not a result of a dissociation reaction but rather of an ion-molecule 
reaction. An analogous reaction also occurs for deprotonated 2,6- and 3,5-






Figure 3.1 Ion-molecule reactions of the fragment ion of m/z 107 of deprotonated 2-




Although the deprotonated 2-, 3-, and 4-methoxybenzoic acid isomers show some 
similarities in their fragmentation behavior, they are easily differentiated upon CAD in 
MS2 experiments (Table 3.2).  All three isomers exhibit dominant CO2 loss. This is the only 
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fragmentation observed for the 3-isomer. However, deprotonated 2-methoxybenzoic acid 
also exhibits formaldehyde loss and the ion-molecule reaction described above (Scheme 
3.2a). Deprotonated 4-methoxybenzoic acid isomer exhibits methyl radical loss upon MS2, 
making it unique among the three isomers. This methyl radical loss is favorable for this 
isomer most likely due to resonance stabilization of the oxygen radical formed (Scheme 
3.3). The product of the 3-isomer does not benefit from such stabilization. The 2-isomer 
would provide a resonance stabilized product ion via methyl radical loss but the proximity 





Scheme 3.2 a) Proposed Mechanisms for the Fragmentation and Ion-Molecule Reactions 






























Scheme 3.3 Proposed mechanism for the loss of a methyl radical from deprotonated 4-




Unlike the compounds that contain only one methoxy moiety, deprotonated 2,6- 
and 3,5-dimethoxybenzoic acid isomers cannot be distinguished via CAD.  Both isomers 
exhibit exclusive CO2 loss in MS2 experiments and methyl radical, CH2O and CH3OH 
losses upon MS3 experiments (Table 3.2). The CH3OH loss is especially interesting since 
it occurs without the subsequent water addition observed in MS4 experiments for ions that 
first lose CH2O in MS3 experiments and then lose CH3OH in MS4 experiments (Table 3.2; 
Scheme 3.4). This may be related to the electron-withdrawing nature of the second 
methoxy group, which makes the phenide less basic and hence less able to deprotonate 







Scheme 3.4 Proposed mechanisms for the loss of CO2 followed by loss of CH3OH from 




Another interesting observation for the compounds that only contain carboxylic 
acid and methoxy functionalities is that they all terminate their fragmentation at ions of 
m/z 77 (phenide) and 93 (phenoxide), except for 4-methoxybenzoic acid, which also 
exhibits an ion of m/z  92 (4-dehydrophenoxide).  Hence, formation of these fragment ions 
is diagnostic for compounds only containing carboxylic acid and methoxy functionalities. 
The deprotonated carboxylic acids containing methoxy and phenol functionalities 
adjacent to each other exhibit diagnostic methyl radical losses, as expected.  Many of these 
ions can undergo either methyl radical loss or CO2 loss in MS2 experiments.  Observation 
of both reactions is most likely due to the fact that these compounds have two possible 
deprotonation sites (the phenol and the carboxylic acid moieties).  Based upon previous 
studies,41 it is likely that both sites can be deprotonated under the conditions used for this 
study.41 Deprotonation of the phenol functionality leads to methyl radical loss, likely as 
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shown in Scheme 3.5, while deprotonation of the carboxylic acid functionality leads to CO2 
loss, as shown in Scheme 3.2.   When two methoxy functionalities were present (syringic 
acid, Table 3.2), two consecutive methyl radical losses (in competition with CO2 loss) were 
observed, allowing for the methoxy functionalities to be counted. After the methyl radical 
losses, CO2 loss occurred. Many of these ions exhibited CO loss as the last observable 











For deprotonated syringic acid, a major CH3OH loss was observed following the 
loss of CO2. In order to explore this unexpected reaction further, a sample of deuterated 
syringic acid was prepared by dissolving syringic acid in 50:50 D2O:CD3OD. Since 
syringic acid contains two exchangeable protons, the ones in the phenol group and in the 
carboxylic acid group, the neutral deuterated molecule contained two deuterium atoms but 
the deprotonated molecule studied in the mass spectrometer contained only one.  The CAD 
mass spectrum measured for this ion is shown in Figure 3.2. The methanol loss observed 
for unlabeled deprotonated syringic acid is now entirely converted into deuterated 
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methanol loss. This result clearly demonstrates that the methanol loss involves the loss of 
a methoxide group and the proton from the hydroxyl moiety (possibly as shown in Scheme 
3.6). The methanol loss is followed by another methanol loss in another CAD event, 






Scheme 3.6. Proposed mechanisms for the loss of CO2 followed by the loss of CH3OD 







Figure 3.2 Fragmentation patterns observed for deprotonated deuterium labeled syringic 
acid in MS1-MS4 experiments, showing initial methyl radical and carbon dioxide losses 





The isomeric deprotonated vanillic and isovanillic acids showed similar behavior 
(Table 3.2), indicating that both deprotonation of the carboxylic acid and deprotonation of 
the phenol can occur. Deprotonated vanillic and isovanillic acids lose CH3 followed by 
CO2 or CO2 loss followed by CH3 loss in MS2 and MS3 experiments.  Following these 
losses, in MS4 experiments, deprotonated vanillic acid exhibits a CO loss, which was not 
seen for deprotonated isovanillic acid. The curious observation of this loss for one isomer 
but not the other cannot be currently explained.   
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Carboxylic acids with one or more saturated carbons between the carboxylic acid 
moiety and the benzene ring behaved slightly differently. Only CO2 loss was observed in 
MS2 experiments for those compounds with a phenol functionality adjacent to a methoxide 
functionality (Table 3.2) although for the compounds discussed above, this reaction 
competes with methyl radical loss. This is likely due to the generation of resonance 
stabilized carbanion (benzyl anion) upon elimination of CO2 from most of these 
compounds.  In MS3 experiments, the fragment ions formed upon CO2 loss eliminated a 
methyl radical, and a second methyl radical was eliminated in MS4 experiments for the one 
analyte containing two methoxy groups (Table 3.2).  Interestingly, after CO2 and methyl 
radical losses, deprotonated 3-hydroxy-4-methoxy-phenylacetic acid loses CO but the 
isomeric deprotonated homovanillic acid does not (Table 3.2). 
The only two deprotonated carboxylic acids found not to lose CO2 in MS2 
experiments are deprotonated p-hydroxyphenyllactic acid and 2-ethoxy-3-(4-
hydroxyphenyl)propionic acid (Table 3.2). These deprotonated carboxylic acids exhibited 
losses indicative of the functionalities near the acid moiety. For the deprotonated 2-ethoxy-
3-(4-hydroxyphenyl)propionic acid, ethanol loss occurred to generate a C=C bond in 
conjugation with the carboxylic acid moiety and the benzene ring.  A possible mechanism 
for this fragmentation is shown in Scheme 3.7. An analogous reaction for deprotonated p-
hydroxyphenyllactic acid leads to water loss.  The fragment ions formed in MS2 
experiments lost CO2 in MS3 experiments for both compounds, allowing for their 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































     
 
      
 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The initial CO2 loss observed for most of the deprotonated carboxylic acids in MS2 
experiments was not observed for their deprotonated methyl and ethyl esters, as expected 
(Table 3.3). Instead, deprotonated methyl coumarate, methyl syringate, methyl ferulate, 
ethyl coumarate and ethyl ferulate first lost all or most methyl and ethyl groups as methyl 
and ethyl radicals (or ethylene) from the methoxy and ester functionalities. In the final 
experiment (from MS3 to MS6), CO2 is lost from the ester moiety.  Based upon the 
fragmentation observed for the ethyl ester ions, the methoxy methyl is most likely lost first 
as a methyl radical, followed by other methoxy methyls if present, and then the ester methyl 
or ethyl group.  The remaining ester moiety is then eliminated as CO2. A possible 
fragmentation mechanism for deprotonated ethyl ferulate is shown in Scheme 3.8. 
Energetics of each step obtained by quantum chemical calculations are also shown in this 








Scheme 3.8 Proposed mechanisms for the fragmentation of deprotonated ethyl ferulate 
(enthalpies are given; values in parenthesis are Gibbs free energies). The barrier for the 




The two remaining deprotonated esters underwent very different fragmentation 
from the others.  These esters, methyl 3-(4-hydroxyphenyl)propionate and methyl 3-(4-
hydroxy-3-methoxyphenyl)propanoate, differ from the other esters studied in that their 
ester functionality is not conjugated with the benzene ring.  Deprotonated methyl 3-(4-
hydroxyphenyl)propionate eliminates the phenolic end of the molecule  to form a methyl 
acetate anion, possibly as shown in Scheme 3.9. Deprotonated methyl 3-(4-hydroxy-3-
methoxyphenyl)propanoate first eliminates a methyl radical from the methoxy moiety.  
Then a methyl acetate anion may be formed via the same mechanism as for methyl 3-(4-
hydroxyphenyl)propionate, followed by electron transfer between the methyl acetate anion 
and the aromatic compound to yield the observed product ion (Scheme 3.9). For the 
deprotonated esters studied, loss of CO from the phenoxide or a methoxide functionality 
88 
 
(after methyl radical loss) was observed to occur before CO2 loss, after CO2 loss, or not at 
all.  The unique fragmentation patterns exhibited by deprotonated esters can be utilized to 

























































































































































































































   
   
   
   
   







































































































































































































































































































































   
   
   
   
   




























































































































































































































































































         
 



















   
   
   
   
   































































































































































































































































































































































































































































   
   
   
   
   






































































































































































































































































































































































   
   
   
   
   







































































































































































































































































































































































































































































   
   
   
   
   






























































































































































































































































































































 The fragmentation patterns for deprotonated compounds containing an aldehyde 
functionality, in addition to a phenol and none or up to two methoxy groups, can be seen 
in Table 3.4.  All deprotonated compounds containing one or two methoxy groups 
fragmented via methyl radical loss in MS2 experiments.  For deprotonated molecules 
containing two methoxy functionalities, a second methyl radical loss was observed in MS3 
experiments.  After this, the fragment ions exhibited some combination of CO, CO2, and/or 
HCO losses.  The CO losses most likely involve the phenoxy or methoxy moiety (after 
methyl radical loss) and not the aldehyde moiety, as suggested, for example, by the loss of 
three CO groups from deprotonated syringaldehyde after the loss of two methyl radicals 
(Table 3.4). The HCO loss observed for two of the compounds is likely to involve the 
aldehyde functionality. A mysterious loss of CO2 was observed for two of the compounds. 
The mechanism of this reaction is under investigation.  Identification of aldehydes in a 
complex mixture can only be made based on fragmentation after multiple CAD steps due 
to the lack of specific fragments unique to the aldehyde functionality, and is accomplished 























































































































































































































































































































































































































































   
 
 













































































































































































































































































































































































































































































































































































































































































































































































 The CAD MSn (n = 1 - 6) spectra of 34 deprotonated aromatic molecules related to 
lignin, containing various functionalities, including carboxylic acid, aldehyde, ester, and 
phenol, revealed varying fragmentation patterns that allow for identification of the 
functionalities in these compounds. For example, most deprotonated aromatic carboxylic 
acids initially fragment via CO2 loss, in agreement with literature.9 After this, the other 
functionalities begin to fragment. Methoxy groups exhibit varying fragmentation pathways 
depending on whether or not a phenol moiety is also present.  When a phenol functionality 
is present, the methoxy groups always fragment via methyl radical loss.  After this loss, 
CO loss involving the remaining oxygen atom of the methoxy group often occurs. 
However, when a phenol group is not present, the methoxy groups will sometimes still 
undergo methyl radical loss but they can also undergo formaldehyde or methanol loss. 
Deprotonated esters also exhibit CO2 loss but only after a loss of an alkyl radical from the 
alcohol moiety. If a deprotonated ester also contains a methoxy group adjacent to a phenol 
moiety, the first fragmentation involves methyl radical loss from the methoxy group rather 
than an alkyl radical loss from the ester group. Fragmentation of deprotonated phenols 
containing aldehyde and phenol moieties is dictated by the other functionalities present. 
The fragmentation observed for these compounds is similar to that observed following the 
CO2 losses of carboxylic acids. For example, methoxy groups fragment by methyl radical 
loss while ethoxy groups lose either an ethyl radical or ethane.  Aliphatic hydroxyl groups 
are lost as water, while phenol is lost as CO. 
 Due to the complexity of many of the compounds studied, multiple tandem mass 
spectrometric steps, up to MS6, are necessary in order to identify all of the functionalities 
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present in the compounds studied.  Hence, it is not surprising that previous studies that 
utilized MS2 or MS3 were unable to identify all of the functionalities in the analytes.22–
29,31,34–36 Since the compounds studied are representative of the compounds observed in 
degraded lignin mixtures,36 and contain similar functionalities, MSn is extremely important 


















(1)  Chang, M. C. Curr. Opin. Chem. Biol. 2007, 11 (6), 677–684. 
 
(2)  Hamelinck, C. N.; Hooijdonk, G. van; Faaij, A. P. Biomass Bioenergy 2005, 28 
(4), 384–410. 
 
(3)  Hisano, H.; Nandakumar, R.; Wang, Z.-Y. Vitro Cell. Dev. Biol. - Plant 2009, 45 
(3), 306–313. 
 
(4)  Mohan, D.; Pittman, Charles U.; Steele, P. H. Energy Fuels 2006, 20 (3), 848–889. 
 
(5)  Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.; Cairney, J.; 
Eckert, C. A.; Frederick, W. J.; Hallett, J. P.; Leak, D. J.; Liotta, C. L.; Mielenz, J. 
R.; Murphy, R.; Templer, R.; Tschaplinski, T. Science 2006, 311 (5760), 484–489. 
 
(6)  Weng, J.-K.; Li, X.; Bonawitz, N. D.; Chapple, C. Curr. Opin. Biotechnol. 2008, 
19 (2), 166–172. 
 
(7)  Zakzeski, J.; Bruijnincx, P. C. A.; Jongerius, A. L.; Weckhuysen, B. M. Chem. 
Rev. 2010, 110 (6), 3552–3599. 
 
(8)  Cherubini, F.; Stro̷mman, A. H. Energy Fuels 2010, 24 (4), 2657–2666. 
 
(9)  Li, X.; Weng, J.-K.; Chapple, C. Plant J. 2008, 54 (4), 569–581. 
 
(10)  Boerjan, W.; Ralph, J.; Baucher, M. Annu. Rev. Plant Biol. 2003, 54 (1), 519–546. 
 
(11)  Ralph, J.; Lundquist, K.; Brunow, G.; Lu, F.; Kim, H.; Schatz, P. F.; Marita, J. M.; 
Hatfield, R. D.; Ralph, S. A.; Christensen, J. H.; Boerjan, W. Phytochem. Rev. 
2004, 3 (1-2), 29–60. 
 
(12)  Hasegawa, I.; Inoue, Y.; Muranaka, Y.; Yasukawa, T.; Mae, K. Energy Fuels 
2011, 25 (2), 791–796. 
 
(13)  Hanson, S. K.; Baker, R. T.; Gordon, J. C.; Scott, B. L.; Thorn, D. L. Inorg. Chem. 
2010, 49 (12), 5611–5618. 
 
(14)  Amy, J. M.; Baitinger, W. E.; Cooks, R. G. J. Am. Soc. Mass Spectrom. 1990, 1 
(2), 119–128. 
 
(15)  Cooks, R. G.; Busch, K. L.; Glish, G. L. Science 1983, 222 (4621), 273–291. 
 
(16)  McLafferty, F. W. Int. J. Mass Spectrom. 2001, 212 (1–3), 81–87. 
103 
 
(17)  Amundson, L. M.; Owen, B. C.; Gallardo, V. A.; Habicht, S. C.; Fu, M.; Shea, R. 
C.; Mossman, A. B.; Kenttämaa, H. I. J. Am. Soc. Mass Spectrom. 2011, 22 (4), 
670–682. 
 
(18)  Lopez, L. L.; Tiller, P. R.; Senko, M. W.; Schwartz, J. C. Rapid Commun. Mass 
Spectrom. 1999, 13 (8), 663–668. 
 
(19)  Mayer, P. M.; Poon, C. Mass Spectrom. Rev. 2009, 28 (4), 608–639. 
 
(20)  McLuckey, S. A. J. Am. Soc. Mass Spectrom. 1992, 3 (6), 599–614. 
 
(21)  Sleno, L.; Volmer, D. A. J. Mass Spectrom. 2004, 39 (10), 1091–1112. 
 
(22)  Eklund, P. C.; Backman, M. J.; Kronberg, L. Å.; Smeds, A. I.; Sjöholm, R. E. J. 
Mass Spectrom. 2008, 43 (1), 97–107. 
 
(23)  Morreel, K.; Dima, O.; Kim, H.; Lu, F.; Niculaes, C.; Vanholme, R.; Dauwe, R.; 
Goeminne, G.; Inzé, D.; Messens, E.; Ralph, J.; Boerjan, W. Plant Physiol. 2010, 
153 (4), 1464–1478. 
 
(24)  Morreel, K.; Kim, H.; Lu, F.; Dima, O.; Akiyama, T.; Vanholme, R.; Niculaes, C.; 
Goeminne, G.; Inzé, D.; Messens, E.; Ralph, J.; Boerjan, W. Anal. Chem. 2010, 82 
(19), 8095–8105. 
 
(25)  Gómez-Romero, M.; Zurek, G.; Schneider, B.; Baessmann, C.; Segura-Carretero, 
A.; Fernández-Gutiérrez, A. Food Chem. 2011, 124 (1), 379–386. 
 
(26)  Hossain, M. B.; Rai, D. K.; Brunton, N. P.; Martin-Diana, A. B.; Barry-Ryan, C. J. 
Agric. Food Chem. 2010, 58 (19), 10576–10581. 
 
(27)  Huang, X.; Song, F.; Liu, Z.; Liu, S. J. Mass Spectrom. 2007, 42 (9), 1148–1161. 
 
(28)  Banoub, J. H.; Benjelloun-Mlayah, B.; Ziarelli, F.; Joly, N.; Delmas, M. Rapid 
Commun. Mass Spectrom. 2007, 21 (17), 2867–2888. 
 
(29)  Banoub, J. H.; Delmas, M. J. Mass Spectrom. 2003, 38 (8), 900–903. 
 
(30)  Saito, K.; Kato, T.; Takamori, H.; Kishimoto, T.; Fukushima, K. 
Biomacromolecules 2005, 6 (5), 2688–2696. 
 
(31)  Evtuguin, D. V.; Amado, F. M. L. Macromol. Biosci. 2003, 3 (7), 339–343. 
 
(32)  Evtuguin, D. V.; Domingues, P.; Amado, F. L.; Neto, C. P.; Correia, A. J. F. 




(33)  Takahashi, L. K.; Zhou, J.; Kostko, O.; Golan, A.; Leone, S. R.; Ahmed, M. J. 
Phys. Chem. A 2011, 115 (15), 3279–3290. 
 
(34)  Fabre, N.; Rustan, I.; de Hoffmann, E.; Quetin-Leclercq, J. J. Am. Soc. Mass 
Spectrom. 2001, 12 (6), 707–715. 
 
(35)  Menezes, J. C. J. M. D. S.; Cavaleiro, J. A. S.; Kamat, S. P.; Barros, C. M. R. F.; 
Domingues, M. R. M. Rapid Commun. Mass Spectrom. 2013, 27 (12), 1303–1310. 
 
(36)  Jarrell, T. M.; Marcum, C. L.; Sheng, H.; Owen, B. C.; O’Lenick, C. J.; Maraun, 
H.; Bozell, J. J.; Kenttämaa, H. I. Green Chem. 2014, 16 (5), 2713–2727. 
 
(37)  Levsen, K.; Schiebel, H.-M.; Terlouw, J. K.; Jobst, K. J.; Elend, M.; Preiß, A.; 
Thiele, H.; Ingendoh, A. J. Mass Spectrom. 2007, 42 (8), 1024–1044. 
 
(38)  Amundson, L. M.; Eismin, R. J.; Reece, J. N.; Fu, M.; Habicht, S. C.; Mossman, 
A. B.; Shea, R. C.; Kenttämaa, H. I. Energy Fuels 2011, 25 (7), 3212–3222. 
 
(39)  Haupert, L. J.; Owen, B. C.; Marcum, C. L.; Jarrell, T. M.; Pulliam, C. J.; 
Amundson, L. M.; Narra, P.; Aqueel, M. S.; Parsell, T. H.; Abu-Omar, M. M.; 
Kenttämaa, H. I. Fuel 2012, 95, 634–641. 
 
(40)  Owen, B. C.; Haupert, L. J.; Jarrell, T. M.; Marcum, C. L.; Parsell, T. H.; Abu-
Omar, M. M.; Bozell, J. J.; Black, S. K.; Kenttämaa, H. I. Anal. Chem. 2012, 84 
(14), 6000–6007. 
 









CHAPTER 4. LOSSES OF CO AND CO2 UPON COLLISION-ACTIVATED 
DISSOCIATION OF SUBSTITUTED 2-METHOXYPHENOXIDES FOLLOWING 




 Due to a keen interest in lignocellulosic biomass as a possible renewable alternative 
to fossil fuels and chemicals derived from crude oil, the amount of research devoted to the 
study of the components of biomass has increased.1 An important part of this biomass is 
lignin, a highly random polymer consisting of multiple phenolic units, which can possibly 
be upgraded to valuable chemicals.2,3 In order for lignin to be extracted from plants, it is 
degraded in various ways, which produces extremely complex mixtures that are 
challenging to characterize.4 Since lignin is composed of multiple phenolic units, one of 
the best ways to analyze its degradation products is via negative ion mode tandem mass 
spectrometry.4–7 In order to identify the ions observed in the mass spectrometer, collision-
activated dissociation (CAD) is generally used. This approach can provide detailed 
structural information for  ions, even when they have been derived from molecules in 
complex mixtures.8,9 
Despite the above opportunity, limited work has been devoted to understanding the 
types of reactions that occur when deprotonated phenols are subjected to CAD.  Previous 




 minimally substituted phenoxides, such as hydroxy-, nitro-, and methylphenoxides.12–15 
These studies revealed likely mechanisms by which phenoxide anions can decompose, 
including fragmentation via the loss of a hydrogen atom, CO, and for some resorcinols, 
CO2.10–14 A proposed fragmentation pathway for CO2 from resorcinol can be seen in 
Scheme 4.1.  However, most of the functionalities of the phenols in these studies are rare 
in lignin degradation products, which typically exhibit methoxy, phenoxy, hydroxyl and 
carbonyl functionalities. We have examined the fragmentation behavior of many such 
deprotonated degradation products in Chapter 3. While CO loss from deprotonated lignin 
degradation products is common upon CAD, major loss of CO2 was observed only for 














The goal of this study was to explore the mechanism of this unexpected reaction. 
In order to achieve this goal, the fragmentation of several deprotonated substituted 
phenoxides that had lost a methyl radical was studied.  Fragmentation mechanisms for 
these fragmentations are proposed and substantiated with carbon-13 labeling and high level 
molecular orbital calculations.  By understanding these mechanisms, it is possible to more 
accurately predict the types of fragmentation that these and similar negatively charged ions 
will undergo upon CAD.   
 
4.2 Experimental 
All compounds were obtained from Sigma Aldrich (St. Louis, USA) and were of 
the highest purity available. A solution was prepared for each compound in 50/50 (v/v) 
methanol:water to a final concentration of 1 mM. Prior to mass spectrometric analysis, the 
solutions were doped with 10 μL/mL of 1% (w/v) NaOH in order to facilitate ionization. 
The solutions were infused into LQIT by using a syringe drive. The solution flow was 
combined, via a tee, with an additional solvent flow (50/50 methanol:water) provided by 




ions were isolated in the LQIT and subjected to collision-activated dissociation (CAD) with 
helium buffer gas for 30 ms at a q-value of 0.25. All fragment ions were isolated and 
subjected to subsequent CAD events until no further fragmentation was observed (MSn).  
  
4.3 Results and Discussion 
For this study, CAD of several deprotonated, substituted 2-methoxyphenoxides 
(Table 4.1) was examined.  All studied ions first fragmented via methyl radical loss. The 
resulting fragment ion was isolated and subjected to CAD, which led to further 
fragmentation in most cases. For most ions, competitive losses of CO and CO2 were 
observed (Table 4.1).  However, CO2 loss was the most dominant reaction only for vanillin 
and it was not observed for deprotonated 2-methoxy-4-methylphenol and 
coniferylaldehyde. CO loss was not observed for deprotonated 2-methoxy-4-methylphenol 
that, after elimination of a methyl radical, did not fragment at all. Inspired by these 
observations, the mechanisms of the CO and CO2 loss reactions were examined.  
In order to determine the sources of the CO and CO2 losses, a labeled vanillin model 
compound, with all ring carbons labeled as carbon-13, was studied. When the labeled 
vanillin ion that had lost CH3 was subjected to CAD, both the eliminated CO and CO2 
molecules were found to contain carbon-13. Hence, neither CO nor CO2 contained the 
aldehydic carbon but instead the carbon atoms in both originated from the aromatic ring. 
Deprotonated 2-methoxy-4-methylphenol that has lost CH3 shows no fragmentation upon 
CAD. For coniferylaldehyde, the CO loss was observed in MS3 experiments but not the 
CO2 loss. Instead, COH loss, most likely from the aldehyde functionality, and C3H4O loss, 




the CO and CO2 losses are flipped between vanillin and acetovanillone (vanillin yielded 
more CO2 loss).  Additional ring substitution also affects the fragmentation, as can be seen 
for 5-chlorovanillin.  For this chloro-substituted molecule, an additional HCl loss was 


















Table 4.1 Fragment ions and their relative abundances for deprotonated vanillin and similar 
analytes upon CAD.  
Analyte (m/z of 
[M-H]-) 
MS2 fragment ions 
(m/z) [relative 
abundance] 





151– ·CH3 (136) 
[100%] 
136 – CO (108) [15%] 






137 – ·CH3 (122) 
[100%] 
No further  





177 – ·CH3 (162) 
[100%] 
162 – CO (134) [100%] 
162 – COH (133) [33%] 





185 – ·CH3 (170) 
[100%] 
170 – CO (142) [28%] 
170 – CO2 (126) [4%] 




165 – ·CH3 (150) 
[100%] 
150 – CO (122) [100%] 








Armed with the experimental information discussed above, high level molecular 
orbital calculations were employed to explore the possible mechanisms by which the CO 
and CO2 losses can occur for deprotonated vanillin after loss of a methyl radical. The 
mechanism identified for the CO loss (Scheme 4.2) involves a ring contraction to form a 
five-membered ring that then loses CO. The highest barrier for this mechanism was found 
to be the transition state for the ring contraction, which was calculated to be at 60.1 kcal. 
This mechanism resembles a mechanism proposed earlier10 for the CO loss from phenoxide 
(Scheme 4.3). No computational support was provided for this mechanism. The mechanism 
for CO loss from vanillin (Scheme 4.2) requires the presence of an electron-withdrawing 
substituent in the para-position relative to the phenol moiety (Table 4.2), presumably to 

















Based upon calculations, the mechanism by which CO2 is eliminated from 
deprotonated vanillin that has lost a methyl radical is quite different (Scheme 4.4). The first 
step involves a simple homolytic bond cleavage with a low barrier (assumed to be equal to 
the reaction endothermicity), which is followed by re-cyclization to form an oxygen 
containing seven-membered ring. This seven-membered ring then contracts into a five-
membered ring attached to an oxygen-containing four-membered ring. The ion with this 
structure loses CO2, containing the phenolic carbon and oxygen along with the methoxy 
oxygen, to form a delocalized anion.   
The highest barrier for the mechanism discussed above is again the transition state 
for the ring contraction, which was calculated to be 86.2 kcal.  This barrier is higher than 
the highest barrier for the CO loss, which would seem to contradict the experimental 
observation that the CO2 loss is more prevalent for vanillin. However, the first step of the 
CO loss is a complex rearrangement while the first step of the CO2 loss is a simple bond 
cleavage that has a lower barrier than the first step for the CO loss.  Once the simple bond 
cleavage has occurred, the ion is more likely to follow the CO2 loss pathway than the CO 
loss pathway, which matches the experimental results.  Both of these mechanisms are also 
in agreement with the results obtained from the carbon labeling experiment, as both the 







Scheme 4.4 Proposed mechanism for CO2 loss from deprotonated vanillin following 




The importance of the initial carbon-carbon bond cleavage for the CO2 loss can also 
be seen by examining the ions that did not lose CO2 or lost CO2 slower than CO. For these 
ions, the functionalities present alter the fragmenting ion sufficiently to either prevent or 
substantially hinder this bond cleavage. The CO2 loss was not observed for fragment ions 
of deprotonated 2-methoxy-4-methylphenol or coniferylaldehyde that had lost a methyl 
group. These ions either do not contain an aldehyde functionality or it is located further 
away from the benzene ring than in vanillin (Table 4.1). Based upon this finding, it seems 
that the bond cleavage does not occur without the presence of a aldehyde group bound to 
the phenyl ring, most likely due to the aldehyde group’s electron withdrawing nature.  
Without the electron withdrawing aldehyde group, the bond cleavage that occurs to initiate 
the CO2 loss will most likely have a higher barrier, making the CO loss more competitive.  
In the case of 5-chlorovanillin, the CO2 loss was still observed, since it contained a 
benzene-bound carbonyl; however, it was slower than for vanillin. This result indicates that 
the bond cleavage can be influenced by other ring substituents, which alter the electron 
density of the ring, therefore altering the ability of the ring to cleave. Examination of 




for the ion to undergo the bond cleavage, as almost no CO2 loss was observed for this 
compound.  It seems that the initial bond cleavage step shown in Scheme 4.4 is very 
sensitive to the electron density within the ring.  Anything that affects this density affects 
this steps favorability, allowing the CO loss to occur faster or slower.  A schematic of these 














In this study, mechanisms by which methoxyphenoxides undergo CO and CO2 
losses after methyl radical loss upon CAD have been explored using both experimental and 
computational approaches. Based on the results, the CO loss occurs via ring contraction, 




oxygen leave as CO.  In contrast, the CO2 loss from vanillin fragment ion is preceded by a 
homolytic carbon-carbon bond cleavage followed by re-cyclization into an oxygen 
containing 7-membered ring. This larger ring then undergoes ring contraction, which is 
followed by CO2 loss involving the phenoxy carbon and oxygen and the methoxy oxygen. 
The largest barrier for the CO2 loss is 86.2 kcal/mol. The initial direct bond cleavage is the 
crucial step in this mechanism as it allows for the CO2 loss to compete with CO loss. This 
bond cleavage depends upon the types of functionalities present in the fragmenting ion. 
Only for vanillin was a major CO2 elimination product observed. Fragment ions of all other 
compounds studied show only minor or no such product, most likely due to differences is 
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CHAPTER 5.FRAGMENTATION OF DEPROTONATED MODEL COMPOUNDS 





 The amount of research into lignocellulosic biomass has increased  in recent years 
due to the increased demand for renewable alternatives to fuel and high value chemicals 
currently derived from crude oil.1–7  One of the primary components of this biomass is 
lignin, a random, complex, polyphenolic biopolymer formed by radical polymerization in 
the plants.7 Both during polymerization and during extraction from the plant, lignin can 
become entangled with both the cellulose and hemi-cellulose components of the biomass 
to form lignin-carbohydrate complexes (LCC’s).8–10  The types of linkages that have been 
proposed to exist in LCC’s are shown in Figure 5.1.8 These linkages include benzyl ether, 
benzyl ester, phenyl glycoside, and acetal linkages.  Because the LCC’s cause portions of 
the lignin to be bound to either cellulose or hemi-cellulose content of the biomass, they 
have been viewed as a barrier to efficient cellulose extraction, and hence a barrier for 
increased cellulosic ethanol fuel production.8,9 Therefore, it is important to identify the 





Figure 5.1 Structures of proposed lignin-carbohydrate complexes: A) benzyl ether, B) 






 Due to the great problems associated with cellulose recovery because of LCC’s, 
extensive research has been conducted to characterize this group of compounds.  LCC’s 
have been extracted from plants, often with some lignin, resulting in  extracts that are  an 
extremely complex mixtures. These mixtures have proven to be very difficult to analyze.11  
Previous attempts to characterize LCC’s have employed a variety of analytical techniques, 
however, all these techniques have inherent weaknesses.  By far the most common 
technique employed to characterize LCC’s has been NMR spectroscopy.12–20 The problem 
with NMR spectroscopy is that it can only provide bulk information about the types of 
compounds present and cannot provide molecular level information.  LCC mixtures have 
also been commonly analyzed via either size-exclusion chromatography14,16,20,21 (SEC) or 
gel-permeation chromatography (GPC).18,22 SEC and GPC were only able to provide bulk 
information about the size and shape of the LCC’s present. Some analysis of LCC’s has 
been conducted using gas chromatography coupled with electron impact ionization mass 
spectrometry (GC/MS).23,24  For these experiments, the LCC’s either had to be derivatized 
via acetylation or pyrolyzed prior to analysis by GC/MS. These techniques may change the 
structure of the LCC’s and hence prevent accurate molecular level and structural 
information to be obtained.  
 In order to address the inherent shortcomings of the previously utilized techniques, 
this study employed tandem mass spectrometry.  Tandem mass spectrometry is a powerful 
analytical tool that allows for molecular level characterization of compounds, even those 
present in complex mixtures.25–29 These experiments most commonly employ a technique 
called collision-activated dissociation (CAD) that involves isolation of ions and exciting 
them kinetically to induce energetic collisions with an inert gas.  These collisions cause 
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some of the kinetic energy of the ions to be converted into internal energy, causing 
fragmentation.30–32  The fragment ions obtained in this way can then be isolated and 
subjected to activating collisions in order to obtain additional structural information.  
 Tandem mass spectrometry has been utilized to study the molecular structures of 
compounds in extracted lignin and to study the fragmentation behavior of ionized model 
compounds related to lignin.33–37  However, only one of these studies included LCC type 
molecules, and the authors were not able to conclusively identify their structures.37  In order 
to address this gap in knowledge concerning the structures of LCC’s, their ions’ behavior 
upon tandem mass spectrometric experiments must be better understood.  The best way to 
do this is to study known ionized compounds whose structures closely resemble the 
proposed structures of LCC’s.  For this study, eight deprotonated LCC model compounds 
with various linkages were subjected to CAD.  The ions were generated using negative 
mode electrospray ionization (ESI) with NaOH doping as this method has been previously 
demonstrated to produce only deprotonated molecules for phenolic analytes at similar 




5.2.1 Sample Preparation 
Approximately 1 mM solutions of all analytes were prepared in 50:50 (v:v) 
methanol/water.  The analytes were doped with 1% NaOH water solution (10 μL of NaOH 
solution per 1 mL of sample) prior to analysis in order to facilitate formation of 
deprotonated molecules.  If carboxylic acid functionalities were present, the analyte was 
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not doped with the NaOH solution as these compounds readily form deprotonated analytes 
upon negative mode ESI (doping the samples had no negative or positive effects on 
ionization).  This sample preparation method yielded only one ion type per analyte upon 
negative-ion mode ESI (deprotonated molecule). 
 
5.2.2 Instrumentation 
All experiments were carried out using a Thermo Scientific linear quadrupole ion 
trap (LQIT) mass spectrometer equipped with an ESI source.  The LQIT was operated 
utilizing the LTQ Tune Plus interface and Xcalibur 2.0 software.  A nominal pressure of 
~0.6 x 10-5 torr was maintained in the LQIT as measured by an ion gauge.  Helium was 
used as the buffer gas. The samples were introduced into the mass spectrometer by using a 
syringe drive (flow rate 15 μL/min) and combined via a tee connector with additional 
solvents (50:50 methanol/water) provided by a Thermo Surveyor MS Pump Plus (150 
μL/min) to facilitate the formation of a stable spray.  The combined flow was then 
introduced into the ESI source for ionization in negative-ion mode.  Typical ESI conditions 
were: spray voltage 2-3.5 kV, sheath gas (N2) 20 (arbitrary units), auxiliary gas (N2) 10 
(arbitrary units), and ion transfer capillary temperature 275 °C.  All DC voltages and offsets 







5.2.3 MSn Experiments Using Collision-Activated Dissociation (CAD) 
For MSn experiments, the ions of interest were isolated with a window of 2 m/z-
units. The isolated ions were subjected to CAD with helium buffer gas for 30 ms at a q-
value of 0.25 with. Nominal collision energies varied from 20 to 40% of the “normalized 
collision energy”.  All fragment ions formed were isolated and subjected to a subsequent 
CAD event (MS3 experiments).  Xcalibur 2.0 software was utilized for both data 




All compounds were purchased from Sigma-Aldrich (St. Louis, MO), except for 
ferulic acid acyl-β-D-glucoside and acanthoside B, which were synthesized via previously 
published methods.16,38  HPLC-MS grade water and methanol were purchased from Fisher 
Scientific (Pittsburgh, PA, USA).  
 
5.3 Results and Discussion 
 
5.3.1 Chlorogenic Acid and Its Isomers 
 The fragmentation patterns of deprotonated chlorogenic acid and two of its isomers 
can be seen in Table 5.1.  The three deprotonated molecules exhibited unique 
fragmentation, allowing for their differentiation.  The MS2 mass spectra of these 
compounds are shown in Figure 5.2.  While deprotonated chlorogenic acid produced only 
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two fragment ions via breaking the bonds on either side of the ester oxygen, the other two 
deprotonated molecules produced two more distinct fragment ions.  These two new 
fragment ions were produced in very different abundances for cryptochlorogenic acid and 
















Table 5.1 Fragmentation observed for deprotonated chlorogenic acid and two of its 
isomers. 
 
Analyte (m/z of [M-H]-) 
 
MS2 fragmentations 
(product ions’ m/z)  
[relative abundance]  
MS3 fragmentations 
(product ions’ m/z)  
[relative abundance] 






















353 – C7H10O5 (179) 
[8%] 
 
191 – H2O (173) [85%] 
191 – H2O + H2 (171) 
[25%] 
191 – 2H2O (155) [10%] 
191 – 2H2O + H2 (153) 
[8%] 
191 – 2H2O + CO (127) 
[100%] 
191 – 2H2O + CO2 (111) 
[35%] 
191 – 3H2O + CO (109) 
[15%] 
191 – 3H2O + CO2 (93) 
[50%] 
191 – 2H2O + CO2 + C2H2 
(85) [80%] 
 








353 – C9H6O3 (191) 
[18%] 
 
353 – C7H10O5 (179) 
[50%] 
 









353 – C8H10O7 (135) 
[5%] 
Same as above 
 
 
Same as above 
 
 
173 – H2O (155) [30%] 
173 – 2H2O (137) [10%] 
173 – H2O + CO2 (111) 
[75%] 
173 – 2H2O + CO2 (93) 
[100%] 
173 – CH2O + CO2 + CO 
(71) [25%] 
 






Table 5.1 Continued 
Analyte (m/z of [M-H]-) 
 
MS2 fragmentations 
(product ions’ m/z)  
[relative abundance]  
MS3 fragmentations 
(product ions’ m/z)  
[relative abundance] 




353 – C9H6O3 (191) 
[100%] 
353 – C7H10O5 (179) 
[50%] 
353 – C9H8O4 (173) [3%] 









Fragmentation for all ions 








Figure 5.2 MS2 mass spectrum for deprotonated chlorogenic acid and two of its isomers. 
Portions of the molecule that give rise to the fragment ions in the spectrum are shown 




 In order to explain the observed fragmentation patterns, mechanisms have been 
proposed for these fragmentations.  The proposed mechanisms for fragmentation of 
deprotonated chlorogenic acid can be seen in Scheme 5.1.  This proposed mechanism 
shows that the two ions observed are formed from molecules with different sites of 
deprotonation.  The product ion with m/z 191 is formed from the phenoxide species while 





Scheme 5.1 Proposed fragmentation mechanisms for deprotonated chrlorogenic acid, 




 A possible route for the formation of the ion of m/z 173 observed for deprotonated 
cryptochlorogenic and neochlorogenic acids is shown in Scheme 5.2.  Once the ion with 
m/z 179 is formed via a mechanism similar to that shown in Scheme 5.1, this ion can 
interact with the neutral fragment, abstracting a proton to form the ion of m/z 173.  This 
would explain why the ion of m/z 173 was not seen for deprotonated chlorogenic acid since 





Scheme 5.2 Proposed fragmentation mechanism for deprotonated cryptochlorogenic that 




Once the initial product ions are formed, further fragmentation of these ions yields 
predictable fragmentation, such as CO2 loss form the ion of m/z 179 and multiple water, 
carbon monoxide, and carbon dioxide losses from the ions of m/z 191 and 173.  Based 
upon previously reported fragmentation patterns for deprotonated lignin model compounds 
found in Chapter 3, the lignin portion of these molecules can be identified.  The sugar 
portion, however, is more difficult to identify, as all sugar moieties, regardless of their 
structures, exhibit similar fragmentation upon CAD. 
 
5.3.2 Ferulic Acid Acyl-β-D-Glucoside 
 This deprotonated ferulic acid derivative exhibited more fragmentation upon MS2 
than any other model compound studied. The fragmentation patterns for this deprotonated 
compound are shown in Table 5.2.  The most abundant fragment ion was formed via loss 
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of the entire sugar moiety.  A mechanism for this loss can be seen in Scheme 5.3. This 
mechanism is driven by the negative charge resonating from the phenoxide moiety to the 
oxygen of the carbonyl group.  The charge initiate the loss of the entire sugar moiety by 




Table 5.2 Fragmentation observed for deprotonated ferulic acid acyl-β-D-glucoside. 
 
Analyte (m/z of [M-H]-) 
 
MS2 fragmentations 
(product ions’ m/z)  
[relative abundance] 
MS3 fragmentations 
(product ions’ m/z)  
[relative abundance] 


















355 – C2H4O2 (295) 
[5%] 
355 – C4H8O4 (235) 
[11%] 
 
355 – C4H8O4 + H2O 
(217) [88%] 
 





355 – C6H10O5 + H2O 
(175) [29%] 
 
337 – CO2 (293) [5%] 
337 – CO2 + H2O (275) 
[10%] 
337 – CO2 + H2O + CH4 
(259) [18%] 
337 – CO2 + H2O + CO 
(247) [100%] 
337 – CO2 + H2O + CO + 
CH2O (217) [100%] 





For These Ions 
 
 
217 – CH3 (202) [100%] 
217 – CO (189) [15%] 
 
193 – CH3 (178) [20%] 
193 – CO2 (149) [55%] 
193 – CH3 + CO2 (134) 
[100%] 
 








Scheme 5.3 Proposed fragmentation mechanism for the formation of the most abundant 





 Other fragmentation was also observed for this deprotonated compound upon CAD.  
These include water loss and ethanediol loss, presumably directly from the sugar moiety, 
as well as loss of two ethanediols and two ethanediols plus water, also from the sugar 
moiety.  A loss of the entire sugar moiety and water was also observed.  This fragmentation 
was different than that observed for other deprotonated lignin model compounds and hence 
facilitate the differentiation of this compound from lignin monomers and dimers.  
 The product ions that were formed after the loss of the sugar moiety exhibit further 
fragmentation that is identical to what was observed for other similar deprotonated lignin 
model compounds, methyl radical and CO2 losses, as seen in Chapter 3.  When only a water 
molecule was lost from ferulic acid acyl-β-D-glucoside the resulting product ion 
fragmented similarly to a deprotonated sugar, via water, CO, and CO2 losses.   
 
5.3.3 Lignin Dimer Carbohydrate Complexes 
 Four model compounds were studied that contain two phenolic units bound to a 
carbohydrate moiety.  These compounds are chicoric acid and cynarine, in which the 
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carbohydrate moiety is bound between two phenolic units, and polydatin and acanthoside 
B, in which the carbohydrate moiety is bound at the end of two phenolic units combined 
via different linkages.  These deprotonated compounds’ fragmentation patterns can be seen 

















Table 5.3 Fragmentation observed for deprotonated lignin dimer carbohydrate complexes. 
 








(product ions’ m/z)  
[relative abundance] 










473 – C9H8O4 (293) 
[100%] 
 
311 – C4H4O5 (179) [55%] 




293 – H2O (275) [25%] 



























515 – 2C9H6O3 (191) 
[15%] 
 
353 – C9H6O3 (191) [100%] 




335 – H2O (317) [10%] 
335 – CO2 (291) [100%] 
335 – CO2 + H2O (273) [15%] 
335 – CO2 + 2H2O (255) [10%] 
335 – 2CO2 (247) [10%] 
335 – C7H8O4 (179) [100%] 
335 – C9H6O3 (173) [55%] 
335 – C7H8O4 + H2O (161) 
[10%] 





191 – H2O (173) [100%] 
191 – H2O + H2 (171) [35%] 
191 – CO2 + H2O + H2 (127) 
[100%] 
191 – CO2 + 2H2O (111) [55%] 
191 – CO2 + 2H2O + H2 (109) 
[30%] 
191 – CO2 + 3H2O  (93) [65%] 





Table 5.3 Continued 
 














389 – C6H10O5 (227) 
[100%] 
 
227 – C2H2O (185) [100%] 
227 – CO2 (183) [45%] 
227 – C4H4O (159) [35%] 
227 – C3H2O2 (157) [30%] 
227 – C4H4O2 (143) [10%] 
 
 




579 – C6H10O5 (417) 
[100%]  
 
417 – CH3 (402) [40%] 
417 – CH2O (387) [30%] 
417 – HCOOH (371) [10%] 
417 – C13H16O4 (181) [100%] 
417 – C13H16O4 + CH3 (166) 
[35%] 






5.3.3.1 Chicoric Acid 
 The fragmentation observed for deprotonated chicoric acid is very similar to that 
observed for the deprotonated chlorogenic acid isomers.  The fragmentation occurs at either 
side of the ester oxygen between the carbohydrate moiety and the phenolic moiety.  The 
mechanism for this fragmentation is likely similar to that of deprotonated chlorogenic acid.  
Depending upon which site is deprotonated, the carboxylic acid or the phenol moiety, the 

























































m/z = 293  
 
Scheme 5.4 Proposed fragmentation mechanisms for the formation of the two product ions 




 Following the loss of one of the phenolic groups, the resulting ion of m/z 311 can 
either undergo the loss of the carbohydrate to form ion of m/z 179 or lose the other phenolic 
end to form ion of m/z 149 (Table 5.3), most likely via mechanisms similar to Scheme 5.1. 
For the ion of mz 293 the fragmentation occurs within the carbohydrate moiety and leads 




 The fragmentation observed for deprotonated cynarine is similar to that observed 
for deprotonated chicoric acid but differs in the observed fragment ion abundances.  Similar 
to deprotonated chicoric acid, deprotonated cynarine also fragments on either side of the 
ester oxygen, however, for cynarine, there is a large preference for the ester oxygen to be 
retained by the sugar moiety upon fragmentation yielding ion m/z 353.  This fragmentation 
likely occurs via the mechanism shown for deprotonated chlorogenic acid (Scheme 5.1 
when the phenol moiety is deprotonated.  A low abundance ion of m/z 191 was also 
observed, which is indicative of both phenolic units being lost and the sugar moiety 
retaining the charge, most likely having a structure similar to the m/z 191 ion seen in 
Scheme 5.1. 
 The most abundant product ion, m/z 353, undergoes further fragmentation either 
through loss of the other phenolic moiety to form an ion of m/z 191 or through loss of the 
carbohydrate moiety to form an ion of m/z 179.  The other two product ions observed in 
MS2, ions of m/z 335 and 191, undergo further fragmentation in MS3 experiments in a 
similar manner as other carbohydrates, with H2O and CO2 losses being abundant. 
 
5.3.3.3 Polydatin 
 Deprotonated polydatin exhibits only a single fragmentation upon MS2, which is 
loss of the sugar moiety.  The ether oxygen connecting the phenolic and sugar moieties is 
retained with the phenolic moiety.  A proposed mechanism for this fragmentation can be 






























Scheme 5.5 Proposed fragmentation mechanism for the loss of the sugar moiety upon 




 In this mechanism, the molecule is deprotonated at the phenol group closest to the 
sugar moiety.  The charge can resonate to a carbon in the benzene ring where it abstracts a 
proton from the sugar moiety, leading to the loss of a neutral sugar fragment.  The charge 
in the ionic fragment is delocalized over most of its atoms. Following the loss of the sugar 
fragment, the remaining ion eliminates portions of the ring as neutral fragments, such as 






5.3.3.4 Acanthoside B 
 Similarly to deprotonated polydatin, deprotonated acanthoside B fragments upon 
CAD via the loss of the entire sugar moiety, with the phenolic portion retaining the ether 
oxygen.  The mechanism by which this fragmentation occurs is unlikely to be charge 
driven.  The most likely site for deprotonation is the phenol group, located on the opposite 
side of the molecule, far from the sugar moiety.  The charge cannot resonate to the ring 
closest to the sugar, and therefore is unlikely to play a role in this fragmentation.  A 






Scheme 5.6 Proposed fragmentation mechanism for the loss of the sugar moiety upon CAD 




In the above mechanism, the fragmentation is charge remote, with the ether oxygen 
attacking a proton in the sugar moiety and resulting in the formation of a C=C double bond 
in the sugar and the cleavage of the carbon-oxygen bond between the sugar and phenolic 
portion of the ion. This fragmentation is referred to as Maccoll elimination.39  The resulting 
ion is identical to the deprotonated lignin dimer syringaresinol and fragments identically 





 The deprotonated lignin carbohydrate model compounds studied all exhibited 
unique fragmentation patterns that would easily allow for their differentiation in a complex 
mixture of lignin degradation products. Deprotonated chlorogenic acid and its isomers 
could be distinguished through differing product ion abundances.  Deprotonated ferulic 
Acid Acyl-β-D-Glucoside also gave unique fragmentation that was similar to previously 
reported lignin and sugar fragmentations.  Two of the larger deprotonated compounds, 
deprotonated chicoric acid and cynarine, fragmented in a similar fashion to the 
deprotonated chlorogenic acid isomers, while deprotonated polydatin and acanthoside B 
fragmented solely via the loss of the sugar moiety.  Due to the variety of fragmentation 
pathways observed, and the variety of possible fragmentation mechanisms, further study 
of the tandem mass spectrometric behavior of deprotonated ignin-carbohydrate complexes 
is needed to establish a true understanding of their fragmentation behavior, and therefore 
enable elucidation of their structures based upon CAD data.  However, the uniqueness of 
their fragmentations should allow for unknown ions to be easily identified as deprotonated 
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CHAPTER 6. A COMPARISON OF THE FRAGMENTATION OBSERVED FOR 
SMALL DEPROTONATED LIGNIN MODEL COMPOUNDS UPON COLLISION- 
ACTIVATED DISSOCIATION IN ION TRAP AND “HIGHER ENERGY” 




 As discussed previously, lignocellulosic biomass is of great interest due to 
increased demand for renewable resources that can be utilized in the place of crude oil.1–3 
Lignin, one of the primary components of biomass, is a complex biopolymer that has a 
high oxygen content.  In order to utilize lignin, various different extraction and degradation 
methods have been developed.1,4,5  These methods can produce very complex mixtures that 
pose a unique analytical challenge. 
 A possible solution to above challenge is tandem mass spectrometry, which has 
been shown to be a powerful technique for the analysis of complex mixtures, providing 
molecular level information about the mixtures’ components.6–10  The most common 
reaction employed in tandem mass spectrometry to obtain structural information is 
collision-activated dissociation (CAD).  This method involves kinetic excitation of an 
isolated ion to induce energetic collisions with an inert gas, thus causing fragmentation.11–
13  In order to obtain the maximum amount of structural information, the resulting fragment 
ions can then be isolated and excited to produce further fragments.  This process can be 
repeated until no further fragmentation is observed.  This type of analysis has been 
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employed to study fragmentation of ionized lignin model compounds,14–16 and was utilized 
to study fragmentation of ionized lignin model compounds in Chapter 3 of this dissertation.  
Because of the extremely complex nature of the mixtures produced in lignin degradation, 
high performance liquid chromatography (HPLC) is often necessary to separate the 
compounds present before mass spectrometric analysis.17,18   The disadvantage to 
tandem mass spectrometry that utilizes CAD is that the amount of time required to perform 
the analysis can be long, especially when there are many fragmentation pathways to 
explore.  This long time scale can make this type of analysis difficult to include in its 
entirety when samples are analyzed via HPLC.  When CAD is incorporated into HPLC/MS 
analysis, the number of isolation/fragmentation steps that can be examined is limited by 
the short period of time during which the compounds are ionized and analyzed by the mass 
spectrometer as they elute from the HPLC.  Most HPLC/MSn experiments have been 
limited to  MS3  and even in those cases, MS3 fragmentation was only examined for a few 
of the fragment ions.17,18    
 A possible solution to the problem of long CAD analysis times was provided by the 
design of the commercial LTQ Orbitrap instrument.19–22  This instrument is capable of 
performing an experiment that ThermoScientific calls  “higher-energy” collision-activated 
dissociation (HCD), wherein ions isolated in the linear quadrupole ion trap are transferred 
into the C-trap and then accelerated into an octupole ion trap where they are allowed to 
undergo energetic collisions with nitrogen (instead of the traditional helium used in 
quadrupole ion traps).23,24  This type of collisions impart more internal energy into the ions 
and therefore yield more extensive fragmentation than collisions with helium atoms in the 
linear quadrupole ion trap. This method also imparts some internal energy into the fragment 
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ions, causing them to fragment. The fragment ions are analyzed by the orbitrap at high 
resolution.  Hence, a lot of information is obtained with a single ion isolation and 
fragmentation step, which is much faster than the multiple steps necessary for CAD in MSn 
experiments in the linear quadrupole ion trap. 
 Currently, HCD is primarily used for the analysis of ionized large complex 
biopolymers, such as ionized proteins/peptides and oligosaccharides.25,26,24  Some work has 
been performed to examine HCD of ionized polyphenolic compounds. However, none of 
these compounds had similar structural motifs to lignin.27  Before HCD can be utilized for 
the analysis of ionized molecules derived from complex lignin degradation product 
mixtures, a comparison of the HCD fragmentation observed for ionized model compounds 
must be undertaken in order to ensure that the same types of fragmentation that were 
observed in CAD in a linear quadrupole ion trap are also observed for HCD, and to make 
sure that HCD will produce enough fragmentation information to accurately identify 
unknown ions. 
 
6.2 Experimental  
Approximately 1 mM solutions of all analytes were prepared in 50:50 (v:v) 
methanol/water.  In order to promote deprotonation of the analytes upon negative-ion mode 
ESI, the samples were doped with 1% NaOH water solution (10 μL of NaOH solution per 
1 mL of sample) prior to analysis.  Solutions containing analytes with carboxylic acid 
functionalities were not doped with the NaOH solution as they readily form deprotonated 
analytes upon negative-ion mode ESI (doping the samples had no negative or positive 
effects on ionization).   
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All HCD experiments were carried out using a Thermo Scientific LTQ Orbitrap XL 
mass spectrometer.  All CAD experiments were carried out in a Thermo Scientific LTQ 
XL mass spectrometer.  Both instruments were equipped with an ESI source.  For CAD in 
the quadrupole ion trap, helium was used as the CAD collision gas, while HCD employed 
nitrogen. The samples were introduced into the mass spectrometer through the use of an 
integrated syringe drive (flow rate 15 μL/min) and combined via a tee connector with 
additional solvent (50:50 methanol/water) provided by a Thermo Surveyor MS Pump Plus 
(flow rate 150 μL/min) to facilitate the formation of a stable spray.  The solution was then 
introduced into the ESI source for ionization via negative-ion mode.  Typical ESI 
conditions were: spray voltage 2.0-3.5 kV, sheath gas (N2) 20 (arbitrary units), auxiliary 
gas (N2) 10 (arbitrary units), and ion transfer capillary temperature 275 °C.  All DC 
voltages and offsets for the ion optics were optimized with the tune feature of the LTQ 
Tune Plus interface for each analyte. 
For MSn CAD experiments in the linear quadrupole ion trap, the advanced scan 
function of the LTQ Tune Plus interface was utilized to isolate the ions of interest with a 
window of 2 m/z-units. The isolated ions were subjected to CAD with the helium buffer 
gas for 30 ms at a q-value of 0.25. Nominal collision energies varied from 20 to 40% of 
the “normalized collision energy”.  All fragment ions formed were isolated and subjected 
to a subsequent CAD event, which was followed by isolation of all of their fragment ions 
and subjecting them to CAD, repeating this until no further fragmentation was observed 
(MSn experiments).  For HCD experiments, the ions of interest were isolated in the 
quadrupole ion trap with a 2 m/z-unit window and transferred into the C-trap.  The ions 
were accelerated out of the C-trap into the octupole ion trap with a formal kinetic energy 
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ranging from 60-120. The kinetic energy was optimized to produce the highest abundance 
of fragment ions. Xcalibur 2.0 software was utilized for data acquisition and processing.  
All mass spectra acquired were an average of at least 20 mass spectra and all non-isotope 
peaks of at least 5% relative abundance (relative to the most abundant ion) are reported. 
All compounds were purchased from Sigma-Aldrich (St. Louis, MO). They were 
of the highest purity available and were used without further purification.  HPLC-MS grade 
water and methanol were purchased from Fisher Scientific (Pittsburgh, PA, USA).   
 
6.3 Results and Discussion 
 A total of seven lignin model compounds were ionized via negative mode ESI 
(NaOH dopant used for compounds without carboxylic acid moieties).  These ions were 
then subjected to HCD in the back octupole of the LTQ Orbitrap XL.  The resulting 
fragment ions can be seen in Table 6.1, along with the stage of traditional CAD the 
fragment ion was observed.  These fragments were then compared to the fragments 
obtained via traditional CAD for the deprotonated analytes shown in table 6.2.  The 
















Table 6.1 Fragmentation observed upon HCD of selected lignin model compounds and 
which stage of CAD the fragments were observed. 
 
Analyte (m/z of [M-H]-) 
 
HCD fragmentations 






Syringic acid (197) 
 
 
197 – CH3 (182) [90%] 
197 – 2CH3 (167) [48%] 
197 – CO2 (153) [45%] 
197 – CH3 – CO2 (138) [62%] 
197 – 2CH3 – CO2 (123) [100%] 
197 – CO2 – CH3OH (121) [91%] 
197 – CH3 – CO2 – CH3OH (106) [53%] 
197 – 2CH3 – CO2 – CO (95) [20%] 
197 – 2CH3 – CO2 – CH3OH (91) [15%] 
197 – CO2 – 2CH3OH (89) [32%] 























Sinapic acid (223) 
 
 
223 – CH3 (208) [92%]  
223 – 2CH3 (193) [20%]  
223 – CO2 (179) [16%] 
223 – CH3 – CO2 (164) [100%] 
223 – CH3 – CO2 – H (163) [15%]  
223 – 2CH3 – CO2 (149) [93%] 
223 – CH3 – CO2 – H – CO (135) [10%] 




MS2 & MS3 
MS4 
MS3 & MS4 
MS4 & MS5 










Table 6.1 Continued 
 
Analyte (m/z of [M-H]-) 
 
HCD fragmentations 











211 – CO2 (167) [32%] 
211 – CO2 – CH3 (152) [100%] 








211 – CH3 (196) [96%] 
211 – 2CH3 (181) [100%] 











221 – CH3 (206) [100%] 
221 – CH3 – CH2CH3 (177) [7%] 











181 – CH3 (166) [100%] 
181 – 2CH3 (151) [100%] 









Table 6.1 Continued 
Analyte (m/z of [M-H]-) HCD fragmentations 











183 – CH3 (168) [30%] 
183 – 2CH3 (153) [100%] 
183 – CH3 – H2O (150) [22%] 
183 – 2CH3 – H2O (135) [18%] 
183 – 2CH3 – CO (125) [32%] 
183 – CH3 – CO – H2O (122) [16%] 
183 – CH3 – H2O – CHO (121) [14%] 
183 – 2CH3 – H2O – CO (107) [8%] 















When comparing the HCD fragmentation data to the CAD fragmentation data 
obtained for above ions, it is clear that HCD (Table 6.1) produces almost identical 
fragmentation patterns for these ions to those produced by CAD (Table 6.2).  The 
advantage of HCD is that the fragments are produced in a single activation step, as opposed 
to as many as six steps required for traditional CAD.  For syringic acid, all of the ions 
observed upon CAD are present in the HCD spectrum, as well as an additional ion resulting 
from an additional CO loss not observed upon CAD.  For the other two ions containing a 
carboxylic acid moiety, sinapic acid and 3,5-dimethoxy-4-hydroxyphenylacetic acid, the 
results are almost the same as discussed above.  HCD of these ions produced almost all of 
the ions observed upon CAD, except for the ions formed upon the very last CO loss 
observed in CAD for both of these ions but not observed upon HCD.  HCD of deprotonated 
sinapic acid produced one additional fragment ion not observed upon CAD via the loss of 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 The HCD mass spectra for the two deprotonated esters studied did not exhibit the 
same amount of fragmentation as had been previously observed upon CAD (Table 6.2)  .  
For both methyl syringate and ethyl ferulate, HCD was only able to produce three unique 
fragment ions.  While these ions were present in the CAD spectra of these deprotonated 
molecules, CAD produced six additional fragment ions for methyl syringate and five 
additional fragment ions for ethyl ferulate.  These additional fragment ions could be 
extremely important for the identification of similar compounds in unknown mixtures.  The 
fragment ions missing from the HCD spectrum were primarily observed upon MS5 and 
MS6 when analyzed via CAD (Table 6.2).     
 For the last two ions studied, syringaldehyde and 4-hydroxy-3,5-dimethoxybenzyl 
alcohol  HCD again produced many of the ions present in the respective CAD mass spectra.  
For syringaldehyde, HCD (Table 6.1) did not produce the last three fragment ions observed 
upon MS5 in CAD (Table 6.2).  When examining the HCD mass spectrum obtained for 
deprotonated 4-hydroxy-3,5-dimethoxybenzyl alcohol, three fragment ions observed upon 
CAD were found not to be present.  One additional fragment ion not observed upon CAD 
was observed in the HCD mass spectrum for 4-hydroxy-3,5-dimethoxybenzyl alcohol, 
which corresponds to a CO loss not observed upon CAD.  
 The HCD mass spectra showed a large portion of the fragment ions observed upon 
traditional CAD of these deprotonated molecules.  No fragment ions produced in MS6 of 
CAD were observed upon HCD and many of the fragment ions produced upon MS5 were 
missing as well.  Based upon these findings, HCD appears to most reliably result in 





 Based upon the results observed for the ions studied here, HCD produces 
fragment ion distributions that are comparable to CAD.  Almost all of the ions produced 
upon HCD appear in the CAD mass spectra.  For some ions, HCD does not yield the 
same amount of fragmentation that can be observed with CAD.  Although this does limit 
the amount of information obtained, HCD still provides more information than was 
obtained using traditional CAD during a HPLC analysis, since HPLC analysis coupled 
with CAD can only regularly yield MS2 information with minimal MS3 information for 
some fragment ions.  Based upon this fragmentation information, along with the high 
resolution data provided by the orbitrap detector, HCD may prove to be a very useful tool 
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 Christopher Louis Marcum was born in Richmond, Kentucky on July 23rd in the 
year of our Lord 1987, precisely as He intended. One can suppose that after his birth he 
was a happy, if precocious, child. Assuming then, that everything else with him was the 
same as with other children, we will simply skip on to more interesting, later details of his 
life.  
 Chris’s father was a conservation officer, and instilled in his son a love of animals 
and nature. At around the age of ten or so, Chris was convinced that he would love to be a 
wildlife biologist, and was fascinated by the sciences that dealt with animals. This would 
engender in him a desire to study the sciences, which followed into high school. However, 
it was in high school that he discovered that it was not biology that gave true meaning to 
the workings of life, but Chemistry. It was his teacher, Larry Jefferson, who taught him 
that Chemistry was the true foundation of life, and that to discover its hidden powers, one 
need only explore its many majestic mysteries. Tossing useless biology aside, he now 
embraced his true calling, Chemistry1. 
 Chris then embarked upon his adult life by entering Eastern Kentucky University, 
EKU, as a Forensic Science student. Unable to confine himself to mediocrity, he defied all 
odds and finished with both a B.S. in Chemistry and a B.S. in Forensic Science and
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 maintained a perfect 4.0 GPA. He also graduated with the President’s Award, a prestigious 
honor given to only one graduating senior per year2. 
 It was also at EKU that Chris met the love of his life. Krystal Miller was also 
studying at EKU, and had been on Centre College campus at the same time as Chris for the 
Governor’s Scholars Program in high school. Krystal and Chris remembered each other 
from the program and became fast friends in their freshman year of college. From 
microfilm/microfiche dates in the library, to concerts and balls, they made sure to fill their 
relationship with many adventures. In their Senior year, Chris couldn’t take it anymore, 
and finally proposed to Krystal in San Antonio while they were both on an Honors Program 
trip. That following summer, all his dreams came true, and they got married just outside of 
Louisville, Kentucky. 
 After realizing his greatest dream of marrying this amazing woman named Krystal, 
Chris launched into a Ph.D. program at Purdue University in the field of Analytical 
Chemistry. Hilkka Kentämaa, realizing his endless potential, welcomed Chris into her lab. 
After many, many, and many more grueling years of hard work and sleepless nights, Chris 
has finally found an escape hatch, and will complete his Ph.D. Currently, he has started a 
position with the Indiana State Department of Toxicology as a Forensic Scientist3. 
1. It should be noted here that many rumors indicate that it was the television show 
CSI that specifically turned him in the direction of forensic science. While 
documented evidence has not yet been found, eyewitnesses of the Marcum 
household have indicated as much in statements, though they were, conveniently, 
kept ‘off the record’. 
2. Though there is little evidence to support this, sources have mentioned that his 
then fiancé, Krystal, helped him to write the essay that would lead to this award. 
All source documents, of course, have mysteriously vanished in what has been 
termed in certain blogs as the ‘conspiracy of the essay’. It is known that both 
Chris and Krystal were nominated for the award, but it is rumored that Krystal 
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was never called by the President when she was not selected. When asked if it 
were true, the then President of EKU Doug Whitlock would only say “I can tell 
you that it was close…and that Krystal is also scary.”  
3. Furthering the rumors mentioned in note 1. 
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